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PAEÏ I
STEREOCHEMISTRY OP THE WITTIG REARRAEGEMEET
INTRODUCTION
The Wittig rearrangement belongs to a limited 
class of intramolecular rearrangements which has been 
designated as an electrophilic 1,2 rearrangement (1,18) 
The reactions are initiated when B becomes rich in 
electrons. Another example of a reaction that fits
A - B  > A - B
\
this description is the Stevens rearrangement.
The Wittig rearrangement usually involves the 
base-induced isomerization of a benzyl alkyl ether to 
an alcoholo Por example, dibenzyl ether has been 
rearranged by such strong bases as phenyllithium (2) 
or potassium amide (5) to 1,2-diphenylethanol. It is
OHg-Ph LiPh CH«-PhI 2 ------------ ^ j 2
Ph-CHg-O or ENHg ^  Ph-CH-OH
2
assumed that the hase removes an (% -hydrogen of a 
benzyl group giving a carhanion ^hich rearranges to 
the alcoholate ion followed hy conversion to the alco­
hol in the workup.
A variety of benzyl ethers have been rearr­
anged in which the migrating groups include methyl (2), 
8-butyl (3,4), allyl (3), t-butyl, adamantyl (5), cyclo- 
propylcarbinyl, and cyclobutyl (6). Ethers with groups 
such as cL -cyanobenzyl (7) , Œ -methylbenzyl (8,9), 
benzhydryl (4,5,10,11,12,18) fluorenyl (7,13,18), 
desyl (14), and OL - and Y'-pyridyl (15,16) have also 
been studied.
In some cases, attempts to induce the base 
catalyzed ether-carbinol rearrangement have led to 
products resulting from ether cleavage (3,12,17). 
Generally, these products are the aldehyde and the 
conjugate acid of ET which result from an independent
0 -E  H_f)
Ph-CHg ™ 2  ^ Ph-CHii __^ PhCE=0 + R ~  ~  ^  R-H (l)
/3 -elimination reaction leading to these cleavage prod­
ucts (equation 1). A second type of /3-elimination is 
encountered in the conversion of benzyl ethyl ether to 
benzyl alcohol and ethylene by propylsodium (11) and 
potassium aside (3). The reaction of sodium butoxide 
with phenacyl 1-phenylethyl ether resulted in a double
5
rearrangement (electrophilic rearrangement followed by 
benzylic change) leading to the formation of ÛC-hydrosy- 
d /3 -diphenylbutyric acid (18). The formation of this 
acid was suggested to occur as depicted in the sequence 
below which is analogous to the observations of Cast, 
Stevens and Holmes (7) for the action of base on benzyl 
phenacyl ether.
H NaOBu n n Î® OH"
PhO-CHg-O-CHPh-------> PhO-CH-OEPh--- >PhC-C-CHPh —
OH
PhCH-CH-COoH
I I 2 He He
The closely related Stevens rearrangement has 
been studied in considerable detail. In this electro­
philic 1,2 rearrangement a quaternary ammonium salt 
in which one of the groups bears a carbonyl carbon is 
converted by base to a tertiary amine in which one of 
the alkyl groups has migrated from nitrogen to the carbon 
bearing the carbonyl carbon. Thus, it was found that
M _ OH- ?| _
R—C—Oji/5— —R .. . • ■ S —C—Gm— —Me2 I I
He E
dimethylphenacyl-l-benzylammonium bromide when treated 
with dilute sodium hydroside gave dimethylaminobenz-yl- 
acetophenone (19). The intramolecular nature of this
4
rearrangement ^as established ^hen a mixture of phenacyl- 
m-hromobenzyldlmethylammonimi and £“broEophenacylhea2jl- 
dlmethylammonium bromides was induced to rearrange by 
the action of sodium ethoxide (20). No ’’crossover” 
products were isolated and also each one of these 
quaternary salts was shown to rearrange at comparable 
rates. At first it was proposed (20) that the migrating 
group became detached from nitrogen as a cation. However, 
from a study of the relative rates of rearrangement of 
a series of ammonium salts substituted in the para position 
of the migrating benzyl group, the order was found to be 
NO2 >  halogen >  Me, H > OMe (21). This order is consistent 
with the decreasing stability of a benzyl carbon bearing 
a negative charge as is the case with the S^2 displace­
ments on corresponding benzyl halides by basic ions (22). 
Had the migrating benzyl group been cationic in character 
the reverse order of rates might have been expected. 
Therefore, an internal nucleophilic displacement mechanism 
was suggested.
Further confirmation of the intramolecular nature 
of the Stevens rearrangement was obtained when the rearr­
angement of optically active (% -methylbenzylphenacyldi- 
methylammonium bromide gave a product where almost no 
racemization of the asymmetric center took place (2,3). 
Other studies of the rearrangement of the above-mentioned
5
quaternary salt (18,24) confirmed the low degree of 
racemization during the reaction and further revealed 
that the group containing the asymmetric carhon had 
migrated with retention of configuration. This stereo­
chemical evidence together with the kinetic data men­
tioned in the previous paragraph is best rationalized' 
by an intramolecular nucleophilic displacement (S^i) 
mechanism proposed by Hauser (3).
0 Me 0 0 s'
I I  + 1  ,  c a s e  I I  s  + i- \  I I  IS-C-CH.)-H-S  > R-C-CHl^N-Me  >  R-C-CH-N-He
2  I I IMe Me Me
In contrast to the Stevens rearrangement, evi­
dence from studies of the Wittig rearrangement have 
provided data which do not permit a clear-cut definition 
of the mechanism.
During the past twenty-five years, the organo- 
lithiura induced isomerization of benzyl alkyl ethers 
to alcohols has been investigated by Wittig and his 
co-workers (2,10,13,25,26). They considered the rear­
rangement to be an intramolecular nucleophilic substitu­
tion reaction (S^i) in which a carbanion displaced an
- “..'.-O'' ____^ Ph-6 — 0 (2)
ITT
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alkozide, the net result being transfer of the migrating 
group without its bonding electrons. This interpretation 
seemed reasonable as it is in accord with the analogous 
Stevens rearrangement (1,27). An alternative mechanism 
for the rearrangement involves a (3 -elimination followed 
by recombination of the resulting fragments. The earlier
0 ^ DM'*'
Ph-ofi — > Ph-CH-O + M O  — >Ph-i-_oC (3)
A '  (N ' >  A ' >
workers (2) had rejected this latter mechanism because 
no evidence for "trapping" of the intermediate carbonyl 
moiety by excess metalating base could be obtained. Thus, 
Hauser (3) showed that during the butyllithium-induced 
isomerization of dibenzyl ether to benzylphenylcarbinol, 
no isolable amount of benzylbutylearbinol was formed.
However, recent evidence has been provided 
which is best interpreted by the process depicted in 
equation 3. It was noted that varying nominal amounts 
of msthylphsaylcarbiaol were formed from the aethyl- 
lithium induced isomerization of dibenzyl ether in a 
series of solvent mixtures (5). Nevertheless, the failure 
to isolate any methylphenylcarbinol resulting from trapped 
bensaldehyde when the migrating group was an n-alkyl or 
sec-alkvl (28) denied am unambiguous interpretation that
7
cleavage-recoiabination occurs In all of these benzyl 
alkyl ether rearrangements,
Some studies have been directed toward the 
demonstration of the alternative S^i mechanism (equation 2) 
based on the hypothesis that the migrating group mi^t 
develop some cationic character depending upon the relative 
extent of bond making and breaking in the transition state 
(5)* Thus, in a study of the relative reactivities of 
three i-alkyl benzyl ethers it was found that both t-butyl 
and 1-adamantyl benzyl ether were isomerized to the alco­
hols in high yield under conditions where 1-apocamphyl 
benzyl ether was not. Since it seemed unlikely that 
these observations were the result of expulsion of highly 
basic tertiary carbanions (equation 3), Iansbury (5) 
favored the Sjji process in these cases.
As a further test of the possibility of cationic 
character in the transition state during the S^i process 
(equation 2), Iansbury (6) studied the methyllithium- 
induced rearrangement of cyclopropylcarbinyl and cyclo­
butyl benzyl ethers. Cyclopropylcarbinyl and cyclobutyl 
systems, particularly the former, are exceedingly reactive 
in cationic processes and such reactions always lead to a 
mixture of cyclobutyl, cyclopropylcarbinyl and allylcarbinyl 
derivatives, the proportions depending on whether or not 
the reaction is reversible (29,30). However, if the
8
r
rearrangement were to follow a sequence Involving carban- 
ionoid intermediates (equation 5), the cyclobutyl group 
would not be expected to isomerize (29,32) but emerge 
intact in the product carbinol. The cyclopropylcarbinyl 
anion, however, would be expected to isomerize extensively 
to the allyl carbinyl structure (33) <> When cyclobutyl 
benzyl ether was rearranged the only product was eyclo- 
butylphenylcarbinol leading at least to the conclusion 
that the migrating group does not develop any significant 
positive character in the transition state. In the case 
of cyclopropylcarbinyl benzyl ether, a high yield of 
cyclopropylcarbinylphenylcarbinol was observed. Although 
the expected isomerization of the cyclopropylcarbinyl 
group to the allylcarbinyl system did not take place, 
the result is nonetheless inconsistent with a cationic 
Sjji mechanism (29,30) and readily accounted for by a 
carbanionoid cleavage-recombination mechanism. One 
might argue that the failure to observe any significant 
formation of an allylcarbinyl derivative precludes the 
development of carbanionoid character in the eyelopropyl- 
carbinyl group. However, the stability under certain 
conditions of the cyclopropylcarbinyl aniàn has been 
demonstrated (31) recently through the preparation of 
cyclopropylcarbinyllithium without rapid isomerization 
to allylcarbinyllithium. It was concluded (6) that most
9
Wittig rearrangements are best considered a fragmentation- 
recombination process (equation 3), but the S^i process 
(equation 2) may be more favorable for the rearrangement 
of the jt-alkyl ethers. It should be added that the S^i 
process for the Wittig rearrangement in the above cyclo­
butyl and cyclopropylcarbinyl cases is not necessarily 
precluded on the basis of the results described above.
In those cases the 8^i process might be operative if 
the migrating group remains completely neutral in the 
transition state.
Further evidence that the mechanism of the Wittig 
rearrangement might best be accommodated by a fragmenta- 
tion-recombination scheme was gained through studies of 
the stereochemical course of this rearrangement (3,4,8,9). 
It was shown by Schollkopf (4 ) that the butyllithium 
induced rearrangement of optically active benzyl s-butyl 
ether in tetrahydrofuran gave the product carbinol in 
which the asymmetric center of the migrating group (O*) 
was found to have been largely racemized. However, the
fi-BuLi, THF 
Ph—OHg—0—0—H ------------- ^ Ph—C— C—H
I I IMe H Me
(l ) (L and D,L)
optical form in excess was the same as that in the 
starting ether and the degree of retention of configuration
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of the asymmetric center ^as estimated to he 58.5^. A 
higher degree of retention (55.5^) was attained when the 
rearrangement was conducted in the less polar solvent, 
pentane. Racemization was shown (4) not to occur before 
rearrangement by recovery of optically active starting 
material after partial reaction. Also, the product 
carbinol showed no loss of optical activity when subjected 
to both reaction and workup conditions showing that race­
mization did not occur after the rearrangement.
In another case, the butyllithium induced isomeri­
zation of optically active s-butyl benzhydryl ether gave 
the expected alcohol with only 5^ of the optical activity 
retained (4).
■ From the observation that a low degree of optical
activity is retained, Schollkopf concluded that the 
reaction involves a series of steps similar to equation 3, 
rather than a concerted intramolecular displacement, 
since the latter transformation should proceed with 
essentially complete retention (4). Schollkopf’s conclu­
sions would appear to be supported by the rearrangement 
(7) of (-)-9-fluorenyl-CX-methylbenzyl ether to completely 
racemic 9- OL-methylbenzyl-fluoren-9-ol. Under various 
reaction conditions (sodium butoxide in butanol at 110° 
or phenyllithium at 15°) the product showed no rotation 
in either alcohol or chloroform.
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In a preliminary study by Weinheimer (8) of the 
rearrangement of meso and d,l bis (Cb-methylbenzyl) ethers, 
the Schollkopf mechanism, (equation 3) did not seem attrac­
tive . Hovïever, the Schollkopf mechanism was to find 
support in a later study by Sifford (9) of the optically 
active forms of these ethers (page 12). A predominance 
of stereospecificity was observed (S) when, in the case 
of meso bis (Œ -methylbenzyl) ether, the carbinol formed 
was erythro 2,3-diphenyl-2-butanol while the d.l ether 
led to the threo alcohol. If the reaction involved the 
ion-pair intermediate then the formation of an equilibrium 
mixture of the diastereomeric carbinols would have been 
observed.
A further consequence of the results from the 
Wittig rearrangement of the bis (<X-methylbenzyl) ethers 
was the requirement that an inversion of configuration 
had occurred. This inversion could have occurred in 
either the migrating group or the ionized carbon atom. 
Since a high degree of retention of configuration of 
the migrating group had been observed in the Stevens 
rearrangement and, likewise, the partial retention in 
the isomerization of s-butyl benzyl ether discussed 
above, Weinheimer (8) preferred to regard the site of 
inversion as the ionized carbon atom.
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The argument for this inversion follows from 
the fact that the meso ether would he expected to give 
threo-2.3-diphenvl-2-hutanol in the absence of any 
inversion as shown in the equation helow. By the same 
course, the d,l ether should give the erythro alcohol.
Fb^ „Ph
K e ^ °  ?>Me ^Me ^ /°
H H jJ H ÔH
meso threo
However, since upon rearrangement the meso ether actually 
gave erythro-2,3-diphenyl-2-butanol. inversion must have 
occurred during the reaction. In the light of this
^  -c-f”
H V®® i  \)H
meso B.L erythro
inversion of configuration together with the observed 
predominance of stereospecificity, Weinheimer (8) favored 
the interpretation of the rearrangement as involving a 
concerted process of inversion of the carbanion and 
rearrangement to the alcoholate ion.
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As a result of a stereochemical study hy Sifford 
(9) it Tsas concluded that the operation of both the 
fragmentation-recombination mechanism and the S^i process 
seemed to be the best rationale for the cases studied.
It v;as observed that in the potassium amide induced 
isomerization of (-)-benzyl-O'-methylbenzyl ether, the 
asymmetric carbon atom migrated with 64^ of the optical 
activity retained when liquid ammonia was used as the 
solvent. In refluxing ether a still higher degree of 
optical activity (70^) was retained. In both cases 
the optical form in excess in the product was the same 
as that in the starting ether. The relatively high 
degree of retention of configuration in the migrating 
group suggests that the reaction may occur at least 
partly by an intramolecular S^i mechanism, and not 
exclusively by the ion-pair mechanism as proposed by 
Schollkopf (4 ). However, the racemized portion of the 
product may well have been formed by the mechanism he 
suggested.
A stronger case for the Schollkopf ion-pair 
mechanism was demonstrated by Sifford (9) when a mixture 
of the diastereomeric bis (a-methylbenzyl) ethers 
prepared from ( + )- CC-methylbenzyl alcohol (partially 
active) was rearranged using potassium amide in liquid 
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separated hy chromatography and, as anticipated, the 
threo modification showed a high degree of retention 
of optical activity (74^). Surprisingly, the erythro 
modification also showed some optical activity (9«7^ 
of that of the starting ether). Furthermore, it was 
noted that the active ervthro form had the same configu­
ration in the migrating group as present in the optically 
active ether. It can be assumed that the active ervthro 
alcohol must arise from the d.l form of the ether and, 
hence, a mechanism was proposed which involves a 
fragmentation-recombination process followed by a 
reorientation of the acetophenone fragment relative 
to the oc -methylbenzyl carbanion, which retains its 
configuration during this process:
15
J3: Ph Ph
Th''/ i'Me Ph'^ V'Me %'Me / \
Me Ph Me Ph "Fh. OH H
D and P.L (+)-erythro
If the carbanion can maintain asymmetry during the 
reorientation of the carbonyl moiety, then it should 
also be able to do so during the direct recombination 
involved in the formation of the (+)-threo alcohol.
Por this reason then, the single process of fragmentation- 
recombination is preferred to the dual course requiring 
in addition, the operation of the 8^i mechanism.
The present work was undertaken in order to 
examine further the stereochemistry of the migration 
of the ct-methylbenzyl group in optically active benzyl- 
cc-methylbenzyl ether and to examine the possibility of 
racemization of the ether under the reaction conditions.
DIScusslOI
As a means of studying the stereochemical course 
of the Wittig rearrangement, Sifford (9) selected benzyl- 
Œ -methylbenzyl ether based on the expectation of a high 
degree of stereospecificity in the migration of a benzylic 
group. It was found (9) that this ether could be synthe­
sized in its optically active form through the Williamson 
method. Thus, (-)-benzyl- a-methylbenzyl ether was 
readily prepared in excellent yield from (-)-Œ -methyl­
benzyl alcohol and benzyl chloride in liquid ammonia 
using potassium amide as the base. The active ether 
was shown to have undergone minimal racemization during 
its preparation through hydrogenolysis of the ether to 
the active alcohol from which it was prepared. In 
sddj-tion, the rotation of optically pure (—/—benzyl— 
-methyl-benzyl ether was estimated to be a .minimum 
of 85.3^ from the results of the hydrogenolysis experi­
ment .
Sifford (9) found that the Wittig rearrangement 
of (-)-benzyl-(%-methylbenzyl ether (potassium amide- 
liquid ammonia),produced a mixture of diastereomeric
I d
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1,2-diphenyl-l-propanols in which the migrating group 
was estimated to have retained 64% of its optical activity. 
Migration of the o.-methyl'benzyl group had occurred with 
predominant retention of configuration» This estimate 
was based upon the optical purity of the D-(+)-a-methyl- 
deoxybenzoin from oxidation of the mixture of optically 
active diastereomeric carbinols isolated from the rear­
rangement. However, the question of possible racemization 
of the optically active ether prior to rearrangement 
remained unsettled. The first part of the present work 
was undertaken in order to examine this possibility.
Optically inactive (±)-benzyl-ot-methylbenzyl 
ether prepared by the method developed by Sifford (9) 
for the optically active ether was subjected to the 
conditions used by Sifford for the rearrangement (potas­
sium amide in liquid ammonia). The reaction was found 
to be essentially complete in fifteen minutes insofar 
as only a trace of the starting ether could be detected 
by gas chromatography. A continued search for conditions 
necessary to provide a significant quantity of unreacted 
ether revealed that it was essential to quench the 
reaction (addition of water) after only three minutes.
The optically active ether was prepared according to 
the method of Sifford (9) and the sample used subsequently 
for the rearrangement showed - 3»81. Treatment of
18
the optically active ether for three minutes with 
potassium amide in liquid ammonia provided a sample 
of unreacted ether (purified hy chromatography on 
alumina) which showed - 3»83° Thus, it was shown
that racemization of the ether prior to rearrangement 
was not a factor in the loss of optical activity during 
the potassium amide induced isomerization of optically 
active (-)-benzyl- cc-methylbenzyl ether. The optically 
active ether was also shown to be stable to the alumina 
chromatography.
The Wittig rearrangement of optically active 
benzyl- a-methylbenzyl ether produces a mixture of 
diastereomeric 1,2-diphenyl-l-propanols; the rotation 
of the two modifications are known, and are different 
(34), Thus, Sifford (9) evaluated the degree of race­
mization from the optical purity of the ketone obtained 
from the mixture of diastereomeric alcohols by oxidation 
under conditions known not to racemize the ketone (34). 
In the present work a method for evaluating the stereo­
chemical course of the rearrangement directly from the 
rotation of the mixture of the product carbinols was 
examined. Such a method would have the advantage of 
providing a means of studying the migration of an 
optically active group in the Wittig rearrangement where 
the product carbinols were a mixture of diastereomeric
19
tertiary alcohols, the general case of which is depicted 
helowo
H E  OH RI I / /  I I / /Ph-C-O-O-E -------> Ph-C~C-E
R' R' R"'
three and erythro
Utilization of the method would depend on such factors 
as the rotation of each of the diastereomeric carhinols 
in their pure form and also on the accurate determination 
of their composition in the product mixture. Application 
of the method designed to evaluate the level of retention 
of optical purity in the case of optically active henzyl-
06-methylbenzyl ether required only to find an appropriate 
method to determine the composition of the mixture of 
product isomers since the rotation of each optically 
pure isomer is reported (34)« It was hoped that this 
could be accomplished conveniently by quantitative gas 
chromatographic analysis.
Each of the diastereomeric 1,2-diphenyl-l- 
propanols were synthesized independently in order to 
study their gas chromatographic behavior. The synthesis 
of threo.-!,2-diphenyl-l-propanol free of the erythro 
modification was accomplished through a Grignard reaction 
of. phesylmagnesium bromide with hydratropic aldehyde.
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The resultant product was predominately the threo alcohol, 
the racemate predicted on the basis of the well-known 
rule of asymmetric induction (Gram's rule) (35)» Complete 
purification of the threo alcohol involved the preparation 
of the 2-nitrohenzoate ester of the product followed by 
six recrystallizations giving finally the ester having 
m.p. 145.5-147°. Saponification of the ester with alcoholic 
potassium hydroxide afforded a sample of the liquid threo- 
alcohol in pure form. The erythro isomer was prepared by 
the lithium aluminum hydride reduction of Ct-methyl- 
deoxybenzoin which was obtained by means of a pyridine- 
chromium trioxide oxidation of the mixture of alcohols 
obtained in the above reaction. Several recrystallizations 
afforded pure solid erythro-1.2-diphenvl-l-propanol m.p. 
52-54°.
OrO, H LAH ?" ?“3
Ph-CH-CHPh ------2--- > PhC— OHPh ----> PhCH-CHPh
pyridine
thre o erythro erythro
Mixtures of the authentic diastereomeric 1,2- 
diphenyl-l-propanols were tested on a large number of 
gas chromatography columns utilizing stationary phases 
such as LAC-296, Carbowax 20 M, Apiezon I, and XE-ôO.
None of these gave satisfactory separation of the race- 
mates nor did varying the ratio of the stationary phase
21
to the solid support contribute to their resolution. 
Finally, it was found that excellent separation of the 
diastereomers could he realized through the utilization 
of 5^ QF-1 on the support, Gas Chrom Z, This column gave 
cleanly separated, symmetrical peaks and each of the 
authentic samples of the diastereomeric carhinols was 
subsequently shown to be homogeneous.
When optically inactive benzyl- a-methylbenzyl 
ether is rearranged using Sifford's conditions (potassium 
amide in liquid ammonia), the mixture of product carhinols 
consists of 69^ of the threo form as estimated from gas 
chromatography (Micro Tec). In the present work, the 
data recorded by Sifford (9) was employed in a calcula­
tion (of the type discussed below) designed to arrive at 
an estimate of the composition of the mixture of the two 
alcohols obtained in his work. Sifford obtained a 
mixture of optically active 1,2-diphenyl-l-propanols 
displaying - 12.1°. Other values on which the
calculated composition is based are 34.4^ for the optical 
purity of the starting ether, 64^ for the level of reten­
tion of optical activity in the rearrangement and the 
reported (34) rotations of -68.8° and -47.2° for the 
respective rotations of optically pure erythro and threo 
alcohols. The above quantities can then be expressed in 
terms of ^ threo which takes the form of equation 1.
22
T == 5% % 10^ - a 0 Bg z 10-^ (Equation 1)
(a b 3 10"4) (Ej - Eg)
^ T = ^ of the threo form in the product mixture 
of the diastereomeric carhinols»
a = ^ optical purity of the starting ether, 
h = ^ retention of optical activity in the reaction. 
= rotation of the product mixture of the 
diastereomeric carhinols.
Rj = rotation of optically pure threo-1.2- 
diphenyl-l-propanol (34).
Rg = rotation of optically pure erythro-1,2,- 
diphenyl-l-propanol (34).
Solution of equation 1 employing the above data gives a 
value of 65^ threo which is in fair agreement with that 
estimated from gas chromatography as discussed ahove. It 
may seem that this apparent agreement might he taken to 
indicate that the level of optical activity retained in 
each alcohol is the same. However, sample calculations 
showed that when dramatic differences in optical purity 
were assigned to each of the alcohols, the calculated 
rotation of the mixture of alcohols was seen to vary 
only slightly. This is presumably due to the relatively 
small difference between the rotations of each of the 
optically pure alcohols.
23
It is unlikely that the observed ratio of the 
diastereomeric carhinols is the result of a rapid equili­
brium between the pair of racemates under the reaction 
conditionso It is well substantiated that, in general, 
the erythro form of a pair of given racemates is thermo­
dynamically more stable than the threo form (37). That 
the thermodynamically less stable threo isomer is observed 
to be the form in excess in the product mixture, therefore, 
seems to preclude the possibility of a pair of rapidly 
equilibrating forms where the erythro form would be 
expected to predominate. However, if the rate of equili­
brium between the two forms is appreciably leas than the 
rate of the rearrangement then, in this case, intercon- 
vertability of the two racemates under the reaction 
conditions might indeed be a factor in determining the 
product composition at the conclusion of the reaction.
This possibility was tested experimentally and precluded 
by the observation that an authentic mixture of diastereo­
meric 1,2-diphenyl-l-propanols was recovered unchanged in 
composition after exposure to the reaction conditions.
With Sifford's (9) observation of the relatively 
high degree of retention in the OL-methylbenzyl group 
during the potassium amide induced isomerization of 
(-)-benzyl-(X-methylbenzyl ether, it was decided to 
investigate the stereochemistry of this rearrangement
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in other solvent systems. Schollkopf (4 ) observed a 
somewhat higher level of retention of optical activity 
(17# vs. 31 )̂ in the migration of the _s-butyl group of 
the corresponding benzyl ether when the solvent was 
changed from tetrahydrofuran to pentane. Based on this 
observation, it was anticipated to observe a higher level 
of retention in the Wittig rearrangement of (-)-benzyl- 
QJ-methylbenzyl ether with potassium amide in hexane.
Preliminary studies with inactive benzyl- OL- 
methylbenzyl ether using potassium amide in refluxing 
hexane revealed that the formation of the diastereomeric
1,2-diphenyl-l-propanols was indeed a relatively slow 
process. Approximately two days were required to bring 
the reaction to near completion as compared with 15 
minutes in liquid ammonia at -33°. This marked decrease 
in rate is at least partially attributable to the extreme 
insolubility of potassium amide in hot hexane. Since 
under these conditions the reaction is essentially hetero­
geneous, it was not surprising to observe varying rates 
from run to run. In this case the rate would in part 
depend upon such factors as the state of subdivision of 
the potassium amide and rate of stirring, factors which 
would not likely be duplicated in subsequent reactions.
In all cases, it was necessary to separate the mixture 
of product carhinols from a small amount of unreacted
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ether by column chromatography on alumina prior to a 
final purification of the carhinols by a short-path 
distillation. It therefore became necessary to inves­
tigate the possibility that the chromatography might 
in some way change the composition of the racemates. 
When a mixture of pure threo-1.2-diphenyl-l-propanol 
and benzyl- O'-methylbenzyl ether was chromatographed 
on alumina the ether was eluted in the early fractions 
using hexane as the eluant. All of the threo isomer 
was then washed from the column using neat ether. A 
gas chromatogram of the combined fractions containing 
the carbinol showed that none of the alternate erythro 
isomer had been formed. Therefore, it was expected 
that the alumina chromatography would in no way affect 
the composition of the mixture of diastereomeric 1,2- 
diphenyl-l-propanols. Also, since the boiling points 
of both racemates are nearly the same it would be 
extremely unlikely that a short-path distillation 
would result in a composition change.
Optically active benzyl-CX-methylbenzyl ether 
was prepared from active Qd-methylbenzyl alcohol by the 
Williamson method. As anticipated from the results of 
Sifford (9), only a slight lowering of optical activity 
was encountered during the preparation. Thus, from
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alcohol of 2 7.9^ optical purity, ether was obtained 
having an optical purity of 26.9#.
Rearrangement of optically active ether (optical 
purity 2 9.1#) was carried out with potassium amide in 
refluxing hexane for 35.25 hours. After this time a 
gas chromatographic analysis of the crude reaction 
product showed the presence of only a trace of unre­
acted benzyl-a-methylbenzyl ether. The areas under 
the peaks for the pair of diastereomeric carhinols 
corresponded to 60# for the threo form and 40# for 
erythro. The crude reaction product was chromatographed 
on alumina in order to separate the mixture of optically 
active carhinols from unreacted ether. As expected, the 
composition was unchanged following the chromatography. 
After a short-path distillation of the product alcohols, 
the mixture s h o w e d - 15.38® The composition of 
the distilled mixture did not differ from that obtained 
on the crude reaction product. The level of retention 
of optical activity in the reaction may now be calcu­
lated using equation 1 expressed in terms of # reten­
tion of optical activity:
X 10
b =  ;----------5—--    (Equation 2)
a ( # T X 10"^) (R^ - Rg) + Rg
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where the symbols have the same meaning as defined in 
equation 1= For the rearrangement of (-)-benzyl-CX- 
methylbenzyl ether with potassium amide in refluxing 
hexane, the level of retention of optical activity 
in the reaction as estimated from equation 2 amounts 
to 95^. Consistent with past observations (4,9)> the 
optical foim in excess is the same as that in the 
starting ether. It is noteworthy that this level of 
retention is much higher than any reported for previous 
stereochemical studies of the Wittig rearrangement.
The mixture of optically active diastereomeric
1,2-diphenyl-l-propanols obtained in the above rearrange­
ment was oxidized to the corresponding ketone by chromic 
acid. Since this method had been shown previously (34) 
to not racemize the resulting ketone, the configuration 
and optical purity of the Ct-methylbenzyl group in this 
compound could be compared with those of the same group 
in the starting ether. Thus, it is possible to check 
the level of retention in the rearrangement as reflected 
by the diastereomeric composition and rotation of the 
mixture of product carhinols against that reflected by 
the optical purity of the ketone. Starting with D-(-) 
ether of 29.1^ optical purity rearrangement and oxida­
tion led to D-(+)- Œ-methyldeoxybenzoin of 24.9^ optical 
purity. This corresponds to 86^ retention of optical
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purity, and predominant retention of configuration in 
the rearrangement step,
Clearly, there exists a relatively small but 
significant discrepancy between the values estimated 
for the level of optical activity retained as derived 
from the two independent methods. Therefore, it was 
decided to reinvestigate the possibility of a small 
degree of racemization during the chromic acid oxidation 
of the diastereomeric carbinpls. Accordingly, (+)-Ct- 
methyldeoxybenzoin of 24.9# optical purity when stirred 
for 7.5 hours with the oxidation mixture used to convert 
the diastereomeric carhinols to the ketone, the recovered 
ketone had an optical purity of 23.6#. This corresponds 
to a small degree of racemization amounting to 5.2#. 
Allowing for this small loss of activity in the ketone, 
the value for the level of retention in the rearrange­
ment as reflected by the optical purity of the ketone 
becomes 91.2#. This corrected value, then, agrees, 
within experimental error, with that estimated from 
the rotation and composition of the product carhinols.
On the basis that the non-homogeneous conditions 
of the rearrangement with potassium amide in hexane 
might be a factor affecting the high degree of retention 
observed, it was decided to investigate the rearrangement 
using instead the completely hexane soluble base,
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n-butyllithiuB» A preliminary run of the rearrangement 
of (±)-benzyl-Q:-methylhenzyl ether ^ith excess ^-butyl- 
lithinm in refluxing hexane was followed by observing 
the gas chromatograms of aliquots which were removed 
periodically while the reaction was in progress. This 
experiment showed that the rate of the reaction was about 
double that when potassium amide was used, requiring 
about 15 hours to attain 50fC completion of the reaction 
and 27 hours for 90^ completion. Thus, from this 
information, one can choose a suitable reaction time 
which would permit the isolation of unreacted ether 
in addition to the product carhinols. It was hoped 
to separate significant quantities of the unreacted 
ether from the product carhinols in order to examine 
the optical stability of the ether as well as the 
stereochemical course of the rearrangement. However, 
the reaction was complicated by the presence of an 
unidentified peak in the gas chromatogram appearing 
close to and slightly ahead of the peak corresponding 
to unreacted ether. Also, there remained the possi­
bility of configurational interconversion between the 
pair of racemates produced in the rearrangement.
However, it was shown that when pure ervthro-1.2- 
diphenyl-l-propanol was treated with n-butyllithium 
in hexane, no threo alcohol was produced. Therefore,
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it was anticipated, as in the case when potassium 
amide was used, that the composition of the product 
carhinols would remain unchanged under the reaction 
conditions.
Optically active (-)-benzyl- a-methylhenzyl 
ether of 25°0# optical purity was rearranged with 
excess (3:1) n-butyllithium in refluxing hexane for 
about 12 hours. The crude reaction product was chro­
matographed on alumina. Flushing the column with hexane 
afforded the unreacted ether contaminated with the un­
identified material and after two short-path distilla­
tions a sample of unreacted ether was obtained which 
showed an optical purity of 15.9#° However, since gas 
chromatography of this sample showed that the impurity 
was present to the extent of about 40^ it may be 
assumed that no loss of optical activity in the starting 
ether occurred if the impurity itself is optically 
inactive. However, this assumption was not checked 
out experimentally.
The mixture of diastereomeric carhinols was 
flushed from the alumina column with ether affording 
material whose infrared spectrum showed carbonyl 
absorption in addition to the expected hydroxyl 
absorption. Therefore, this material was chromato­
graphed on alumina (10# ether in hexane). The first
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two fractions afforded material whose weight constituted 
12^ of the total weight of material chromatographedo This 
material gave an infrared spectrum essentially identical 
with that of an authentic specimen of OL-methyldeoxyhenzoin. 
Gas chromatographic behavior of the material was identical 
with authentic OL -methyldeoxyhenzoin although traces of 
two other compounds were evident in the gas chromatogram. 
The ketone, # -methyldeoxyhenzoin, is presumed to arise 
from air oxidation of the product carhinols. The chromato­
graphic fractions 3 through 11 afforded a heavy liquid 
corresponding to 36^ of the total weight of chromatographed 
material. Gas chromatography gave peaks corresponding to 
the erythro and threo racemates along with the two small 
peaks which were present in the sample of Ct-methyldeoxy­
henzoin found in fractions 1 and 2. Finally, a pure 
sample of the pair of diastereomeric carhinols was 
isolated from fractions 12 through 31 (14.5^ of the 
total material chromatographed) which s h o w e d - 
12.97°. The composition of this sample showed 
47.07^ of the threo racemate hy gas chromatography 
(Barher-Colman). The chromatography on alumina did 
not alter the composition of the racemates. Iden­
tical values for the composition of the racemates were 
obtained hy gas chromatography before and after the 
column chromatography. Using equation 2, it was 
calculated that the level of retention of ontical
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activity in the rearrangement of (-)-hen2yl-g:-methylhenzyl 
ether with n-hutyllithium in hexane is 88.5̂ » Consistent 
with this value is an estimate of 87^ retention based on 
the optical purity of the ketone obtained from the oxida­
tion of the optically active mixture of diastereomeric 
carhinols isolated from the rearrangement. Also, consis­
tent with past observations (4,9), it was noted that the 
optical form in excess in the product carhinols was the 
same as that in the starting ether.
The results discussed thus far in the present 
work are summarized in Table I. For the purpose of a 
mechanistic discussion based on the results in Table I 
it is first assumed that the main course of the rearrange­
ment follows a fragmentation-recombination process 
discussed in introduction which has been previously 
proposed (4,5,6,9). It is further assumed that in the 
fragmentation step of the rearrangement, the bond of 
the abstracted methylene proton, the bond between the 
methylene carbon and the ether oxygen, and the bond 
between the ether oxygen and the asymmetric carbon 
all are coplanar. This model is analogous to that 
proposed for the activated complex in an E 2 reaction 
(38). For benzyl-OC-methylbenzyl ether, two such 
activated complexes are depicted in 1^ and and 
differ mainly with respect to which methylene proton.
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TABIE I
COEDITIONS AND HISUITS IN THE EEASSANGEMENT
OE (-)-BENZTL- QL-METHiijBENZiii ETEEH
Base, Solvent T(°C)
^ threo-1 ,2- 
Diphenyl-1-propanol ^ Retention
NH^Cl) -33 69 64^
Hexane 65 60 95D
a-BuLi Hexane 65 47 8 8 .5^
^Eesult determined Toy Sifford (9).
^Based on rotation and composition of the mixture 
of product 1 ,2-diphenyl-l-propanols.
Ha or H^, is in suitable position during attack by base, 
B:. It should be noted that activated complexes %a and 
I-jj are not conformera but instead are related diastereo- 
merically because of the incorporation of B:. In addi­
tion to fulfilling the condition of coplanarity men­
tioned above, the bulky phenyl groups are arranged in 
Ig and I^ so that there is a maximum of distance between 
them. Examination of these two activated complexes 
leads to the conclusion that the ener^ of activation 
leading to I^ is probably greater than that leading to 
Ig. This conclusion is based on the likelihood of a 
more or less severe 1 ,3-phenyl-methyl steric inter­










The expected diastereomer resulting from the 
fragmentation and direct recombination of activated 
complex is the thermodynamioally less stable threo-
1,2-diphenyl-l-propanol. The erythro isomer would arise
B:
 >  ^ - ' - 0^0   >  ,0— /
= b ^  V , .
“ b H--> 0 —  He
Æ  E-y
:a
from the fragmentation and direct recombination of 
activated complex If this process (concurrent
fragmentation-direct recombination of both and Î ) 
were the exclusive course in the rearrangement, the
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espected result should he at least a predominance of 
the threo isomer with complete retention of optical 
purity. In Table I the second case seems to most 
nearly approach this situation. The first case, 
where there is a somewhat greater amount of the threo 
isomer, might be taken to reflect an enlarged energy 
difference between Iĝ and I-̂ due to the low reaction 
temperature. In addition, the first case differs from 
the second with respect to a somewhat greater level of 
racemization. Within the framework of the present 
mechanism, this demands a complete inversion of the 
a-methylbenzyl fragment prior to recombination. It 
should be pointed out that this inversion would lead 
to the erythro form. If the fragments are sufficiently
p-h H
free to undergo random reorientation before recombining, 
one might anticipate a more or less equal composition of 
diastereomeric carhinols with complete racemization 
because all possible orientations of the fragments are 
possible. This process is called upon to accommodate 
the racemized portion of the rearrangement in the first
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ease in Table I. Ho'wever, in view of the high level 
of retention of configuration in even the first case, 
reorientation of the fragments prior to recombination 
is a minor process at least in the first two cases»
Surprisingly, the third case in Table I shows 
a high level of retention without the expected predomi­
nance of the threo isomer. In view of the present 
mechanism this observation would seem to demand exten­
sive "flipping" of the carbonyl moiety and very little 
inversion of the a.-methylbenzyl group prior to recom­
bination, with the result that the OC-methylbenzyl group 
upon recombination would have an equal chance of meeting 
either face of the carbonyl fragment. This would 
accommodate the observed approximately 50:50 ratio of 
threo and erythro alcohols in the product mixture 
together with a high level of retention in the rearrange­
ment. It is speculated that this unusual mechanism may 
be rationalized by the formation of a relatively stable 
organolithium compound immediately following fragmenta­
tion with sufficient lifetime to permit the extensive 
flipping of the carbonyl fragment prior to recombination. 
It has been shown (39) that under certain conditions 
an optically active organolithium compound can be prepared 
in pentane displaying up to 83^ retention of optical 
activity in its carbonated product.
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Since a completely Sjji process as discussed in 
the introduction demands complete retention of configura­
tion, the first case in Tahle I cannot he accommodated 
entirely hy this mechanism although the unracemized 
portion of the reaction could conceivably follow this 
path. Furthermore, since it is not possible to accu­
rately predict the composition of the diastereomeric 
alcohols within the framework of an S^i process one 
cannot preclude this mechanism on the busis of the 
composition data in Table I. However, the fragmentation- 
recombination scheme satisfactorily accounts for all 
results.
EXPERIMENTAL
All melting points and boiling points are 
uncorrected.
Optical rotations were obtained with a Gaertner 
L-320 Polarimeter.
Gas chromatographic analyses used to determine 
the composition of mixtures of diastereomeric 1,2- 
diphenyl-l-propanols were performed on a Micro Tek 
model 1600 gas chromatograph utilizing a hydrogen 
flame detection system. The seven foot by 1/8 inch 
O.L. stainless steel column was packed with 5^ QP-1 
on 100-120 mesh Gas Chrom Z and operated at 143°. The 
inlet and detector temperatures were 257° and 218° 
respectively and the helium carrier gas was delivered 
at a pressure of 50 p.s.i. The area under the peaks 
was measured with a polar planimeter. The ratio of 
the areas corresponded, within experimental error,
3̂ ) to the mole fraction ratio of authentic samples 
of known composition; thus a correction factor was not 
needed. The Barber Colman model 15 gas chromatograph
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equipped with an argon detector was used to determine 
the composition of the diastereomeric carhinols in the 
experiment where n-hutyllithium was employed. The 8 
foot hy 2 mm.I. D. pyre±" U-shaped column was packed with 
5^ QF-1 on 80-100 mesh Gas Ohrom 2 and operated at 115°. 
The inlet and detector temperatures were 203° and 230° 
respectively and the argon carrier gas was delivered 
at a pressure of 60 p.s.i.
A standard mixture consisting of threo and 
erythro isomers in the ratio 2.19 gave peaks displaying 
the area ratios of 3.08. Thus, the factor 0.711 was 
employed to reduce the observed ratios in other mixtures 
to actual values.
Preparation of (=fc)-Benzyl- a-Methylbenzyl Ether. 
—  To a 3-necked flask equipped with stirrer and con­
taining 2.5 1. of liquid ammonia was added 60.5 g.
(1.55 mole) of potassium metal. Ahout 0.5 g. of ferric 
nitrate was added in order to catalyze the formation 
of potassium amide. When the amide formation was 
complete, a solution of 189 g. (1.55 mole) of (±)- a- 
methylhenzyl alcohol in 300 ml. of ether was added to 
the stirring mixture of potassium amide in liquid 
ammonia over a period of one hour. After the addition 
was complete 294 g. (2.32 mole) of henzyl chloride was 
added in 0.5 hour. The mixture was allowed to stir
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for 6 hours after which time most of the ammonia had 
evaporatedo The mixture was hydrolyzed hy slow addition 
of 300 ml. of water with vigorous stirring. After fil­
tering the reaction mixture, the layers were separated 
and the aqueous phase was extracted with three 50 ml. 
portions of hexane. The combined organic phase was 
washed with water, 4 N hydrochloric acid, again with 
water and then dried. After removal of the -solvent 
and excess benzyl chloride, distillation gave 179-4 g. 
of the colorless ether, b.p. 119-124° at 2.5-2.9 mm.; 
n^^ 1.5495 « The lower boiling material (121.4 g.) 
was redistilled giving two fractions of the colorless 
ether: i 62.06 g., b.p. 129-130° at 4.2 to 4.4 mm.;
n^^ 1.5499 and ii 36.01 g., b.p. 129-130.5° at 4.1 mm.; 
n^^ 1 .5503. The combined weight of all these fractions 
represents 84.5# yield of the ether.
Preparation of (-)-Benzyl- (X. -Methylbenzyl Ether. 
—  To 0.0735 mole of potassium amide (from 2.88 g., 
0.0735 mole of potassium in 500 ml. of liquid ammonia 
was added a solution of freshly distilled a-methylbenzyl 
alcohol [9.0 g., 0.0735 mole, - 6 .12° (0.5 dm., 
neat^ in 40 ml. of ether oyer a fiye minute period. To 
the stirred mixture was added 37.2 g. (0.294 mole) of 
benzyl chloride all at once. When the ammonia had 
eyaporated (2 hours) 100 ml. of water was added. After
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filtering the reaction miztnre the layers were separated 
and the aqueous phase was washed with 3 portions of 
ether. The combined ethereal solution was washed with 
water, 1 E hydrochloric acid, again with water and dried. 
After removal of the solvent and excess benzyl chloride 
the crude ether was distilled and three fractions of 
the purified ether were collected: i 2.313 g.,
b.p. 110-120° at 1 mm., n|^ 1.5459, - 11.50̂ ^
(0.5 dm., neat), ii 5.153 g., b.p. 113-115° at 0.8 to 
0.9 mm., n^^ 1.5489, - 11.42°(0.5 dm., neat) and
iii 3.969 g., b.p. 116-120° at 0.9 to 1.0 mm., n|^ 1.5490, 
- 11.30°(0.5 dm., neat). The combined weight of 
these three fractions represents a 73.39̂  yield of the 
purified ether.
Re arrangement of (±)-Benzvl- Q[-Methylbenzyl 
Ether in Liquid Ammonia at -33°. —  The ether (5.00 g., 
0.0236 mole) in 10 ml. of ethyl ether was added to 
0.0472 mole of potassium amide (from 1.84 g. of potassium) 
in 300 ml. of liquid ammonia. After stirring the mixture 
for 15 minutes, 6 g. of ammonium chloride was added 
followed by 25 ml. of ethyl ether and 20 ml. of water. 
After the ammonia had evaporated the remaining mixture 
was filtered and the layers were separated. The aqueous 
phase was extracted once with ethyl ether and the combined 
ethereal phases were dried briefly over anhydrous
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potassium oartouate. Removal of the solvent left a 
yellow liquid whose infrared spectrum showed the presence 
of alcohol. Gas chromatography of the crude reaction 
product gave peak areas for the mixture of diastereo­
meric 1,2-diphenyl-l-propanols corresponding to 69.19̂  
threo and 30.9^ erythro. Only a trace of the starting 
ether was present as indicated by the gas chromatogram.
Test of Optical Stability of (-)-Benzyl- (X -Methyl­
benzyl Ether with Rotassium Amide. —  The ether .605 g.» 
0.0264 mole, - 3.81° (0.5 dm, neat^ in 20 ml. of
ethyl ether was added all at once to 0.0528 mole of 
potassium amide (from 2.07 g. of potassium) in about 
250 ml. of liquid ammonia. After the reaction mixture 
had stirred for three minutes, 6 g. of ammonium chloride 
was added followed by 25 ml. of distilled water. The 
ammonia was allowed to evaporate at room temperature 
and the liquid which remained was filtered. The layers 
were separated and the aqueous phase was washed 3 times 
with 25 ml. portions of ethyl ether. The combined 
ethereal solution was washed 8 times with 25 ml. 
portions of water and dried for one hour over anhydrous 
sodium sulfate. After removing the solvent there remained 
3.854 g. of a clear, yellow liquid. The infrared spectrum 
of this specimen indicated that both ether and alcohol
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were present» A sample of 2»862 g= of this liquid was
chromatographed on 20 g. of alumina using 600 ml. of
hexane as the eluant» Evaporation of the hexane afforded
1.833 g. of the ether as a light yellow liquid. After
25two distillations, the colorless liquid showed C(jj - 
3.83°(0.5 da, nest).
th-reo-1 ,2-Diphenvl-l-nropanol. —  This compound 
was prepared according to a method previously described
(35). To the Grignard reagent prepared from 391 g.
(2.5 mole) of bromobenzene and 60.5 g. (2.5 mole) of 
magnesium in 250 ml. ether was added dropwise 268 g.
(2.0 mole) of hydratropaldehyde diluted with an equal 
volume of ether. Vigorous stirring was continued for 
9 hours after the addition was complete. Then the 
reaction mixture was hydrolyzed by dropwise addition 
of an aqueous solution of 160,5 g. (3 moles) of 
ammonium chloride. The mixture was filtered through 
a Buchner funnel and the filter cake was washed twice 
with ether. The combined ethereal phases were dried 
over anhydrous sodium sulfate and the ether was removed. 
The residue was distilled under reduced pressure and 
331 g. of a clear, colorless liquid b.p. 125-128° (0.75 
mm.) was collected. The infrared spectrum of this liquid 
showed a band at 3450 cm”  ̂characteristic of the hydroxyl
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group» The distilled material represents 78^ yield 
of 1,2-diphenyl-l-propanolo
Pure threo-1,2-diphenyl-l-propanol was separated 
from the mixture of diastereomeric alcohols obtained 
from the Grignard reaction according to a method pre­
viously described (35) => A solution of 106 g. (0»5 mole) 
of the mixture of diastereomeric 1,2-diphenyl-l-propanols 
and 93 g. (0.5 mole) of freshly prepared ^-nitrohenzoyl 
chloride in 500 ml. of pyridine was allowed to reflux 
for 4 hours. The mixture was cooled and poured into a 
mixture of ice and dilute sulfuric acid. The precipi­
tate was collected on a funnel, washed twice with water 
and allowed to air dry overnight. After six recry­
stallizations from ethanol-ethyl acetate there was 
obtained 78.5 g. of ester of the threo isomer, m.p. 
145.5-147°. lit, 143-144° (35).
The 2 -nitrobenzoate ester was hydrolyzed in 
a methanol-water (l;l) solution containing 24.6 g.
(0,440 mole) of potassium hydroxide. After refluxing 
the solution for 17 hours, the reaction mixture was 
cooled and extracted three times with ether. The 
combined ethereal phases were washed once with dilute 
hydrochloric acid, twice with water and allowed to stand 
over anhydrous sodium sulfate. The ether was removed 
and the residue was distilled under reduced pressure.
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Three fractions were collected from the -yacuum dis­
tillation; i 11.8 g.j h.p. 116-118.8° (0.30-0.35 mm.), 
1.5711; ii 15-9 g., h.p. 129.5° (1.1 mm,),
1.5718; iii 10.7 g., h.p. 130° (l.l mm.), 1.5721.
The infrared spectrum of fraction i showed a strong 
hand at 3430 cm~^ characteristic of the hydroxyl group. 
Also, fraction i showed a single peak in its gas chro­
matogram which was obtained under conditions sufficient 
to detect the presence of any of the diastereomeric 
.erythro-1,2-diphenyl-l-propanol. Fractions ii and iii 
were essentially identical with fraction 1 with respect 
to the infrared spectra and gas chromatograms of samples 
of these fractions.
06-Methyldeoxyhenzoin. —  This compound was
prepared by the chromium trioxide-pyridine oxidation
(36) of a mixture of diastereomeric 1,2-diphenyl-l- 
propanols. To 300 go of pyridine was added 30.0 g.
(0.3 mole) of chromium trioxide in portions with 
stirring. The reaction flask was immersed in a hath 
whose temperature was maintained at a temperature 
helow 20°. When approximately half of the chromium 
trioxide had heen added a yellow precipitate of the 
pyridine-chromium trioxide complex hegan to appear.
After all of the chromium trioxide had heen added,
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a 10?̂  pyridine solution of 21.2 g. (0,1 mole) of 1,2- 
diphenyl-l-propanol was introduced while keeping the 
temperature of the reaction vessel below 30°. After 
about 0,5 hours the reaction mixture became black,
The mixture was stirred for 24 hours at room temperature 
After pouring the reaction mixture into approximately 
one liter of water the whole was extracted three times 
with a 1:1 ether-benzene solution. The combined 
organic phases were dried briefly with anhydrous sodium 
sulfate and the solvent was removed by distillation.
An infrared spectrum of the crude reaction product 
showed absence of hydroxyl absorption and the presence 
of a band at 1685 cm“  ̂characteristic of the aryl 
ketonic carbonyl moiety. The material solidified on 
standing and after a single recrystallization from 
ethanol showed m.p. 52.5-54°. This product was used 
without further purification.
£TZjQl£fl.-l. 2-Siphen.vl-l-propanol. —  This 
compound was prepared according to a method previously 
described (35). A solution of 11.0 g. (0.052 mole) 
of (X-methyldeoxybenzoin in 50 ml. of dry ether was 
added dropwise to a well-stirred mixture of 0.68 g. 
(0.018 mole) of lithium aluminum hydride and 50 ml. 
of dry ether. The mixture was then refluxed for 30 
minutes, cooled and treated with 1 H sulfuric acid and
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shaved ice. The layers were separated, the organic 
layer was washed successively with ice-water, sodium 
carbonate solution, water and the solution was then 
dried over anhydrous sodium sulfate. The solvent was 
distilled and there remained an oil which was distilled 
(b.p. 145-147° at 3 mm.) through a short-path modified 
Claisen apparatus giving 10.92 g. (99# yield) of a 
mixture of diastereomeric 1,2-diphenyl-l-propanols.
An infrared spectrum of the distilled material showed 
a band at 3430 cm”^ corresponding to hydroxyl absorption. 
The band at 1685 cm”  ̂indicative of aryl ketonic car­
bonyl absorption was absent.
The product solidified after standing in the 
cold overnight. Three recrystallizations from pentane 
gave 5.1 g. of erythro-l,2-diphenyl-l-propanol, m.p. 
52-54° (35) which was shown to be homogeneous by gas 
chromatography.
Rearrangement of (-)-Benzyl- (i-Methvlbenzvl 
Ether in Refluxing Hexane. —  Potassium amide
(0.06 mole) was prepared in the usual fashion from 
2.32 g. of potassium in about 150 ml. of liquid ammonia. 
After the formation of the potassium amide was complete 
250 ml. of hexane was added and the ammonia was allowed 
to evaporate. The mixture was brought to reflux and 
the ether [6.36 g., 0.030 mole, - 12.40° (0.5 dm.
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neat) in about 5 nil. hexane was added all at once 
with vigorous stirring. The reaction mixture was 
refluxed on the steam hath for.35 hours, 100 ml. of 
water was added and the mixture was filtered. The 
layers were separated and the aqueous phase was washed 
four times with 15 ml. portions of hexane. The com­
bined hexane solution was washed once with 25 ml. water, 
once with 25 ml. 4 g, hydrochloric acid and four times 
with 25 ml. portions of water. After drying the hexane 
solution over anhydrous sodium sulfate and removing 
the solvent there remained 5»76 g. of a reddish-orange 
liquid. Gas chromatography of a sample of the crude 
reaction product gave three major peaks corresponding 
to the mixture of diastereomeric 1,2-diphenyl-l- 
propanols and unreacted (-)-benzyl-a-methylbenzyl 
ether. The areas under the two peaks corresponding 
to the diastereomeric 1,2-diphenyl-l-propanols were 
measured with a polar planimeter and estimated to 
represent 60.0% threo and 40.0% erythro. The alcohols 
were isolated by column chromatography on neutral 
alumina. As mentioned earlier the ether was eluted 
first with hexane. A quantitative gas chromatographic 
analysis following alumina chromatography showed that 
the composition of the mixture of diastereomeric 1,2- 
diphenyl-l-propanols was unchanged. After a short-path
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distillation the alcohols showed - 15.38°
(a|5 _ 3,12? 1 dm., c = 20.26, CHOI?).
Configurational Stability of a Mixture of 
Diastereomeric 1,2-Diphenyl-l-T)ropanols toward Potassium 
Amide in Liquid Ammonia. —  To 0.17 mole of potassium
amide (from 6.64 g., 0.17 mole of potassium) in 300 ml. 
of liquid ammonia was added 18.0 g. (0.085 mole) of a 
mixture of diastereomeric 1,2-diphenyl-l-propanols in 
20 ml. ether the composition of which was 60^ threo 
and 40^ erythro as determined by gas chromatography. 
After stirring the mixture for 4 hours, 18 g. of 
ammonium chloride was added in small portions followed 
by the addition of 90 ml. of water. The remaining 
ammonia was allowed to evaporate and the mixture was 
filtered and extracted twice with 25 ml. portions of 
ether. The ethereal solution was washed once with 
1 H hydrochloric acid, twice with water and dried 
briefly over anhydrous sodium sulfate. Removal of 
the solvent left 16 g. of the mixture of diastereo­
meric 1,2-diphenyl-l-propanols as a heavy liquid 
(88# recovery). The composition of the product 
alcohols was determined by gas chromatography and 
found to be unchanged relative to the composition 
of the starting mixture.
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Oxidation of the Mixture of Diastereomeric
1,2-DinhenYl-l-nrouanol8 Obtained from the Wittig 
Rearrangement of (-)--Benzyl- (X-Methylbenzyl Ether 
with Potassium Amide in Hexane. —  The mixture of
diastereomeric 1,2-diphenyl-l-propanols (1.93 g.,
9.10 mmols) in 21 ml. of benzene was added in 3.3 hours 
with stirring to a mixture composed of 5.71 g. (29.4 
mmole) of potassium chromate, 6.3 ml. of sulfuric acid, 
3.5 ml. of acetic acid, 21 ml. of water and 10 ml. of 
benzene. After stirring at room temperature for 2.5 
hours, the mixture was filtered, the layers were sepa­
rated and the aqueous phase was extracted twice with 
benzene. The combined benzene solution was washed 
with water, brine, saturated sodium carbonate, again 
with brine and dried over anhydrous sodium sulfate. 
Removal of the solvent left 1.56 g. (81.6#) of (+)- 
06-methyldeoxybenzoin as a heavy yellow liquid. The 
infrared spectrum of this material showed a trace of 
hydroxyl (3344 cm"^) and a strong band for the aryl 
ketonic moiety (1669 cm”~). After three short-path 
distillations the ( + )— 06—methyldeoxybenzoin, homoge­
neous by gas chromatography, s h o w e d + 5 1.3°
((%^^ + 3 .22° 1 dm., c = 6.28, CHGl^) and m.p. 40,8- 
4a. 9°.
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Test of the Optical Stability of (+)=(X-Methyl-
deozybe&zoin. —  She ketone 0.212 ges 1.0 mmole,
W d  ̂+ 51.5° + 5.22° 1 dm., c = 6.28, OHOl^)]
in 10 ml. of benzene was added in 50 minutes with stirring 
to a mixture composed of 5.71 g. (29.4 mmole) of potas­
sium chromate, 6.5 ml. of sulfuric acid, 5.5 ml. of 
acetic acid, 21 ml. of water and 10 ml. of benzene.
After stirring at room temperature for 7.5 hours, the 
reaction mixture was filtered and the layers were 
separated. The aqueous phase was extracted with benzene 
and the benzene solution was washed once with brine, 
once with saturated sodium carbonate and three more 
times with brine. After drying and removing the benzene 
there was left 0.17 g. of the (+)-a-methyldeoxybenzoin 
as a heavy, slightly yellow liquid. This amount repre­
sents a recovery of 80.2#. After a short-path distil­
lation the ketone solidified and showed^ocjp^ + 4 8.6°
( a 25 + 3,540 1 dm., c = 7.285, OHOl^). The distilled 
ketone was shown to be homogeneous by gas chromatography 
and its infrared spectrum was identical with that of an 
authentic specimen of a-methyldeoxybenzoin.
Rearrangement of (±)-Benzyl- a-Methvlbenzvl 
Ether with n-Butyllithiua in Refluxing Hexane.
The ether (22.26 g., 0.105 mole) in 50 ml. of hexane
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was added all at once to 250 ml. (0.41 mole) of a 1.64 
E hexane solution of n-hutyllithium diluted with 100 ml. 
of hexane. The whole was brought to reflux with stirring 
and after 10 minutes, the reaction mixture became red- 
orange. Periodically, 1 ml. samples of the reaction 
mixture were withdrawn and hydrolyzed with 1 ml. of 
water. Gas chromatographic analyses of the aliquots 
showed that after 6 hours a significant quantity of 
unreacted ether remained and after 27 hours only a 
trace was left. The gas chromatograms also displayed 
a significant peak of unknown identity which appeared 
just before the peak corresponding to unreacted ether.
The peaks for the mixture of diastereomeric alcohols 
showed a composition of approximately equal amounts 
of both forms.
Rearrangement of (-)-Benzvl- Q^-Methylbenzyl 
Ether in Hexane Solution with n-Butyllithium. —  The
ether [3.29 g., 0.0155 mole, - 10.64° (0.5 dm, neat^
in 11 ml. of hexane was added all at once to 28.4 ml. 
of a 1.64 N hexane solution of n-butyllithium diluted 
with 70 ml. of hexane. The whole was brought to the 
boiling point and almost immediately a clear, light 
yellow-green color developed. After the solution had 
been allowed to reflux for 6.5 hours, 70 ml, of water 
was added and the layers were separated. The aqueous
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phase Twas extracted three times with 10 ml. portions 
of hexane. The combined hexane solution was washed 
once with 25 ml. of water, once with 25 ml. of 4 N 
hydrochloric acid and three times with 25 ml. portions 
of water. After drying and removal of solvent there 
was left 5.10 g. of a light yellow liquid of which the 
infrared spectrum showed the presence of alcohol 
(3500 cm“ )̂, ether (1096 cm"^) and a trace of carbonyl 
(1684 cm”^). The product carbinols were separated 
from unreacted (-)-benzyl- rt-methylbenzyl ether by 
chromatography on 88 g. of alumina affording 1.26 g. 
(39#) of the mixture of diastereomeric 1,2-diphenyl-
l-propanols as a slightly yellow, heavy liquid. Gas 
chromatographic analysis of the product carbinols 
revealed the presence of small amounts of impurities. 
The product carbinols were therefore rechromatographed 
affording a mixture of diastereomeric 1,2-diphenyl-l- 
propanols which was shown to be homogeneous by gas 
chromatography and unchanged in composition compared 
with the crude reaction product. This sample showed 
[oc]|5 - 12.97° - 0.95% 1 dm., c = 7.32, CHGl^).
The composition of the mixture of diastereomeric 1,2- 
diphenyl-l-propanols was estimated by quantitative gas 
chromatography (Barber-Oolman) giving peak areas corres­
ponding to 53# for the erythro form and 47# for threo.
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The early fractions from the alimina chromato­
graphy of the crude reaction product contained unreacted
pc(-)-henzyl-(X-methylhenzyl ether which showed otjj - 
4.24° (0.5 dm, neat). After a second chromatography 
followed by a short-path distillation, the ether showed 
- 6 ,77° (0.5 dm, neat). A gas chromatographic 
analysis of a sample of this material showed the presence 
of an impurity which was estimated to comprise approxi­
mately 40^ of the sample. Assuming that the impurity 
is optically inactive, the rotation of the recovered 
ether can be assumed to be identical with that of the 
starting ether.
Configurational Stability of ervthro-1.2- 
Mphenyl-l-propanol with fl-Butyl Lithium in Hexane.
—  To a hexane solution of 0.212 g. (l mmole) of 
erythro-1,2-diphenyl-l-propanol (homogeneous by gas 
chromatography) was added 2 ml. of a 1.64 H (3.28 mmole) 
hexane solution of n-butyl lithium. The whole was 
brought to reflux and allowed to stir for 25.5 hours 
after which time 25 ml. of water was added. The layers 
were separated and the aqueous phase was extracted 
three times with hexane. The combined hexane phases 
were washed once with water, once with 4 H hydrochloric 
acid and again with water. After drying the hexane 
solution and removing most of the hexane, a gas
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chromatographic analysis showed no detectable amount 
of the threo modification.
Oxidation of the Mixture of Diastereomeric 1,2- 
Diphenvl-'l-Propanols Obtained from the Wittig Rearrange­
ment of (-)-Benzyl-(%-Methylhenzyl Ether with n-Butyl 
Lithium in Hexane, —  The mixture of 1,2-diphenyl-l-
propanols (0.566 g., 2.67 mmole) in 10 ml. of benzene 
was added in 2 hours with stirring to a mixture composed 
of 8.75 go (29.4 mmole) of sodium dichromate, 6.3 ml. 
of sulfuric acid, 3.5 ml. of acetic acid, 21 ml. of 
water and 10 ml, of benzene. After stirring at room 
temperature for one hour, the layers were separated 
and the aqueous phase was extracted twice with benzene. 
The combined benzene solution was washed twice with 
brine, twice with saturated sodium carbonate and again 
with brine. After drying and removing the solvent 
there remained 0.434 g. (77.59̂ ) of ( + )- oc-methyldeoxy­
benzoin as a yellow oil. The product was purified by 
two short-path distillations giving solid ( + )-a- 
methyldeoxybenzoin + 44.8° ( 0! + 3.91°, 1 dm.,
0 = 8.75, CHGl^).
SUMMARY
The stereochemical course of the Wittig 
rearrangement of optically active (-)-benzyl- a- 
methylhenzyl ether has been examined under three 
different sets of reaction conditions, A method for 
evaluating the levd. of retention in the rearrangement 
based on the rotation and composition of the product 
diastereomeric 1,2-diphenyl-l-propanols has been 
developed. An extremely high level (959̂ ) of retention 
of optical activity in the rearrangement has been 
observed using potassium amide in hexane. The mecha­
nism of the rearrangement has been discussed in terms 
of a previously suggested fragmentation-recombination 
scheme and is preferred to a dual course requiring in 
addition the operation of an S^i process.
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PAHT II
OLEPINS PROM THE HYPROBORATION OP ENAMINES
INTRODUCTION
The hydrohoration reaction (l) has received 
much attention during the past ten years mainly because 
of its great utility in the area of synthetic organic 
chemistry. In broad terms, the reaction involves the 
addition of diborane to a carbon-carbon double bond 
resulting in the formation of an alkylborane, a useful 
intermediate which may readily be oxidized to an alco­
hol or a ketone.
Diborane, a colorless gas at room temperature, 
is prepared conveniently by the action of boron tri­
fluoride on sodium borohydride in diglyme. It is
3 NaBH^ + 4 BP^ ---- > 2 BgHg + 3 NaBP^
sparingly soluble in diglyme but readily soluble in 
tetrahydrofuran where it exists as the tetrahydroduran 
solvated monomeric borine (BH^) (2). In general, 
two techniques are employed in the hydrohoration
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reaction involving either the generation of diborane 
in the reaction vessel containing a solution of the 
olefin (in situ) or the introduction of pure diborane 
generated externally into a solution of the olefin 
(ex situ).
The reaction has been thoroughly rsviev?sd in 
the book "Hydrohoration" by H. G. Brown (l). Some of 
the salient features of the reaction are now briefly 
touched upon. The addition of diborane to an olefin 
in all cases proceeds in a cis-fashion. The mechanism 
of the addition is usually depicted as involving a
4-centered transition state. With unsymmetrically
^  ^  I I
substituted olefins the boron atom is for the most 
part directed to the least substituted carbon atom 
of the double bond. The hydrohoration of unhindered 
olefins results in the production of a trialkylboranei 
hindered olefins usually produce mono- or dialkyl- 
boranes depending upon the degree of hindrance.
The alkylboranes are usually not isolated as 
such but are oxidized to an alcohol with alkaline 
hydrogen peroxide following the hydrohoration. In 
all cases studied the oxidation results in the
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replacement of the heron atom hy a hydroxyl group with 
retention of configuration. Thus, the hydrohoration- 
oxidation sequence when carried out with 1-methylcyclo- 
hexene gives only trans-2-methylcyclohexanol. Since
"  — — ^  c y <  — ^  c t - o h
during the hydrohoration, the horon atom becomes attached 
to the least substituted carbon atom of the double bond, 
the result is an overall anti-Markownikoff cis hydration 
of the olefin.
Recently, efforts have been directed toward 
increasing the utility of the hydrohoration reaction 
through the study of olefins in which one unsaturated 
carbon bears a hetero atom, as in enol ethers (8,9), 
enol acetates (10,11,12), enamines and vinyl halides 
(3,4,5). The hydrohoration of vinyl chloride (3) 
represents an early example of this area of research 
and resulted mainly in the formation of an unstable 
vicinal ohloroalkylborane which rapidly underwent 
elimination generating ethylene. Similar results were 
observed during the hydrohoration of 3-chlorocyclo- 
hexene (4). Although not a vinyl halide, this compound 
provided in part an unstable vicinal chloroalkylborane
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which eliainated to fora cyclohexene. More recently, 
the hydrohoration of l,4-dialkyl-l,4-dihalo-2-hutenes 
(5 ) provided further confirmation for facile elimi­
nation in vicinal haloalkylboranes producing 4- 
haloalkenes in this case.
RCHCH =  CHOSE -> ROHOHCH^CHR RCH=CHCH^CHRI I I I 2 1 2 1
X X  X B X X/ \
In contrast to vinyl halides the hydrohoration 
of enethiol and enol ethers presents a more complicated 
picture in that the intermediate horane undergoes a 
variety of reactions. The important difference between 
these cases and those involving the vinyl halides is 
that elimination seems not to be the exclusive course.
The variety of products has been attributed to the 
operation of transfer reactions within the inter­
mediate borane (6,7,8). "Transfer" involves exchange
of either hydrogen or of an alkyl residue for the 
hetero atom within the alkylborane. If hydrogen is 
exchanged, an unsubstituted borane results, and if 
the alkyl residue is exchanged, dimers result. The 
transfer reactions are of two types depending upon 
whether the boron atom becomes fixed to the carbon 
bearing the hetero atom or to the carbon beta to the 
hetero atom. In broad terms, the transfer reactions
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for the alkylhoranes derived from enethiol ethers (6,7) 
are depicted helow. Analogous results are obtained
X R
I I a-transfer i I
—  C   C —  H -----------> — C  C   H
X:
I I X ? -transfer I I
H --- C -- C —   > H - C --- C —
I I  I I• A
X = PhS-; R = H or substituted carbon
with enol ethers (8). Thus, the hydroboration-oxidation 
sequence of X?-ethoxystrene (8) leads to 1-phenylethanol, 
2-phenylethanol, l-phenyl-2-ethoxyethane, 1-phenyl-l- 
hydroxy-2-ethoxyethane. The first two compounds result 
from hydrogen transfer, the third from débenzylation 
and the last is the "normal product." Also, a small 
amount of styrene was isolated, the result of elimina­
tion. These results are discussed in terms of competi­
tive transfer and elimination schemes. An excep­
tion to the instability of the boranes formed from the 
hydrohoration of these enol systems was seen when the 
hydrohoration of divinyl ether (9) afforded a stable 
cyclic adduct.
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Related to these investigations are several 
studies involving the addition of diborane to enol 
acetates (10,11,12). An early observation disclosed 
that the alkyl borane formed from the enol acetate of 
choiestan-5-one (10) treated with acetic anhydride 
eliminated to give cholest-2-ene. At about the same 
time, Hassner (ll) carried out the hydroboration- 
oxidation sequence with 1-acetoxycyclohexene and 
obtained trans-1,2-cyclohexanediol which might be 
considered a normal product. However, the sequence 
also afforded some cyclohexanol. Two mechanisms were 
considered in order to account for this abnormal 
product, one involving its generation from a possible
1-acetoxyalkylborane intermediate in some unspecified 
manner; the other calling upon an elimination of the
2-acetoxyalkylborane forming cyclohexene which then 
suffered hydrohoration and oxidation in the usual 
manner to give cyclohexanol. Olefin formation was 
the exclusive path when a mixture of 2- and 6-methy1- 
cyclohex-l-enyl acetate (the former in excess) was
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hydroborated and then treated with a carhoxylic acid
(12). The products were 1- and 3-methylcyclohexene 
(64^ and 17^) and some methylcyclohexane (19^), the 
latter compound being presumably the result of a 
spontaneous elimination of the 2-aeetoxyalkylborane 
followed by hydrohoration and protonolysis,
A systematic study of the hydrohoration of 
enamines was undertaken in this laboratory by Kelly
(13) using the in situ generation of diborane followed 
by oxidation with alkaline hydrogen peroxide. Enamines 
derived from ketones and secondary amines afforded 
high yields of amino alcohols whose stereochemistry
is consistent with an anti-Markownikoff cis hydration 
of the olefin. For example, l-(l-cyclohexyl) piper­
idine gave 889Ô of pure trans-2-(l-nineridine) cyclo­
hexanol. Also, the hydrohoration of 4-(l-phenyl-l- 
propenyl) morpholine (I) gave 88.6^ of a sharp melting
1) ^ --- H
2) HgOg, OH
1-(4-morpholino) l-phenyl-2-propanol (II). Prom the 
stereospeeificity apparent in the previous example 
this amino alcohol was considered to be either of two 
possible diastereosers and not a mixture.
67
When we repeated the hydrohoration of (I) using 
instead the es situ technique the expected product (II) 
was isolated in low yield along with an unexpected 
product, trans-propenylhenzene. The present work was
0  . 0
I 1) B - H  I
PhC =  CHMe --------   > PhCH -r- CHMe
2) OH" I
(I)  ̂ OH
(II)
undertaken in order to investigate the production of 
olefins in the ^  situ hydrohoration of enamines derived 
from ketones and secondary amines with special emphasis 
on the stereochemical aspects of their formation.
DISCUSSION
The jex situ hydrohoration of 4-(1-phenyl-1- 
propenyl) morpholine (I) followed hy treatment of the 
intermediate aminoalkylhorane (III) with alkaline 
hydrogen peroxide leads to amino alcohol (II) and 
trans-propenylhenzene. Why olefin formation does not 
occur in the in situ hydrohoration (13) of enamine (I) 
is a question which remains unanswered in the present 
work. Amino alcohol (II) may he considered the normal 
product from this sequence while trans-propenylhenzene 
is evidently the product of some type of elimination 
reaction in which hoth the morpholine and horon
moieties are lost. The assignment of trans-geometry
.0
r ° i  V
PhCH— CHMe
!OH^  I EgOg (II)




to the propenylbenzene "was confirmed by the observation 
that both the infrared and n.m.r. spectra are identical 
in all respects to those of authentic traas-nropenyl- 
benzene. Both the trans-propenylbenzene isolated in 
the present work and an authentic sample of the sub­
stance displayed a doublet centered at 1.70 p.p.m.
(J = 5 c.p.s.) for the three methyl protons, a narrow 
multiplet having the tallest signal at 6.23 p.p.m. 
for the two vinyl protons and a narrow multiplet at 
7.17 p.p.m. for the aromatic protons. Also, the infra­
red spectrum showed a strong band at 960 cm”  ̂which 
is characteristic of out-of-plane deformation of trans- 
substituted ethylenic double bonds (14).
The results of an examination of alkaline 
hydrogen peroxide treatments of (III) under various 
conditions are summarized in Table I. These experi­
ments represent an attempt to find conditions which 
would afford the olefin as the exclusive product. 
However, a significant amount of the normal product
(II) was formed in each case. Only in three experiments 
(2, 5, and 8) did the yield of olefin actually exceed 
the yield of (II). Experiments 7 and 8 gave the 
unexpected result^ that when hydrogen peroxide was 
supplied in a limited amount, the cis-isomer was formed
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1^ 4 1 12 25 65 33
2® 2 1 3 25 27 48
3® 2 1 3 0 43 19
4* 2 2 3 0 48 42
^&fd 2 1 4 25 37 50
6® 2 3 3 25 65 21
?a 1 1 4.5 70 45 36®
8^ 0.5 0.5 4 25 24 39^
9^ 4.5 1 12 25 55 36
10° 4 4 12 25 53 20
®Ag.ueous sodium hydroxide and 30^ hydrogen 
peroxide were combined prior to addition.
"Base added first followed by dropwise addition 
of 30^ hydrogen peroxide.
°30^ hydrogen peroxide was added first and after 
one hour the base was added.
^The oxidation mixture was added slowly (3 hours)
®01efin fraction consists of 85^ trans- and 
15^ eis-pronenylbenzene.
fOlefin fraction consists of 50^ trans- and 
50^ cis-propenylbenzene.
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together with the trans-isomer. The significance of 
this observation will be discussed later.
The isolation of trans-propenvlbenzene free of 
the cis-isomer indicates that the elimination reaction 
leading to the olefin is highly stereospecific. How­
ever, before one can begin an intelligent mechanistic 
discussion, it is germane to know the stereochemistry 
of the intermediate aminoalkylborane (III). In order 
to make a configurational assignment to this compound, 
a series of stereospecific reactions was employed 
designed to lead to a product whose stereochemistry 
would reflect that of the intermediate aminoalkylborane 
(III).
Since the amino alcohol (II) can be regarded 
as the result of normal hydroboration-oxidation of the 
enamine, the configuration of both the enamine and 
intermediate aminoalkylborane (ill) would be deter­
mined by establishment of the configuration of the 
amino alcohol (II). This was done by preparing the 
quaternary methiodide of the amino alcohol (II) 
followed by ring closure to the oxide by treatment 
with sodium hydride. Incidentally, all attempts to 
induce this intramolecular displacement reaction 
(inversion) by the normal procedure (freshly prepared 
silver oxide) failed to afford any oxide. The oxide
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formed was shown to have the eis-confignration by com­
paring its infrared spectrum with those reported (15) 
for both of the isomeric oxides. The literature value 
(15) for the so-called "12 yt band" (16) of cis-propenyl- 
benzene oxide is 852 cm“  ̂which compares well with a 
value of 851 cm"^ observed for the oxide synthesized 
in the present work. Further confirmation of the 
stereochemistry of the oxide came from a favorable 
comparison of its n.m.r. spectrum with that of authen­
tic cls-propenvlbenzene oxide prepared from the re­
action of cis-propenylbenzene with m-chloroperbenzoic 
acid. The three methyl protons displayed a doublet 
centered at 1.05 p.p.m. (J = 5.5 c.p.s.), the single 
benzyl proton appeared as a doublet centered at 3.96 
p.p.m. (J = 4.0 c.p.s.) and the five aromatic protons 
appeared as a singlet at 7.32 p.p.m. As expected 
from the very high purity of the starting alcohol
(II); the oxide formed was free of the trans-isomer 
as shown by gas chromatography under conditions suffi­
cient to detect trans-oxide. Assignment of cis- 
configuration to the oxide permits assignment of 
configurations to the amino alcohol (II), intermediate 





























figure 1. —  Reactions leading to the deter­
mination of the stereochemistry of the aminoalkylborane (III)
The stereochemistry of the enamine (I) is 
that depicted in figure 1 in which the phenyl and 
methyl groups hear a cis-relationshin » It is interesting 
that the enamine (I) proved to he the isomer having a
74
carbon skeleton displaying cis-geoiaetryo This isomer 
is presumably the more stable of the t«o possible 
isomers because the conditions employed in its prepa­
ration are those leading to the product of thermo­
dynamic control rather than kinetic control. This 
stereochemical result is reminiscent of that reported 
by Munk (17) for the preparation of the enamine from 
deoxybenzoin and morpholine in which the carbon skele­
ton also proved to have the cis-configuration, The 
stereochemical results of the work outlined in Figure 
1 demands that the aminoalkylborane (III) possess the 
stereochemistry shown. This is designated as the 
threo form in the present work. With the stereo­
chemistry of (III) thus defined, one may conclude that 
the reaction leading to trans-propenvlbenzene demands 
cis-elimination of the morpholine and boron moieties 
from (ill).
The normal product (ll) may be considered to 
arise from (III) via a mechanism similar to that pro­
posed for the alkaline hydrogen peroxide oxidation of 
benzeneboronic acid (17) and for a dialkylborinic 
acid (18). The aminoalkylboronate ester (V) is then 
rapidly hydrolyzed to the amino alcohol (II),
Before plunging into a mechanistic discussion 
of the novel cis-elimination reaction leading to the
o
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SgOg + OH" ^  HO" + EgO
C ° )  C ° ]
I I I
PhCH-CHMe --- > PHOH-CHMe ----- > PhCH-CHMe
B ^ O H  "M-rOH Ô/ \ / \ '̂
(III) (IV) (V)
olefin, it should be pointed out that it is unlikely 
that the aminoalkylborane (III) suffers elimination 
prior to alkaline hydrogen peroxide treatment. This 
argument follows from the observation that when the 
reaction was interrupted prior to oxidation the amino- 
alkylboronic acid (VIII) (vide infra) was isolated and 
no olefin was present. Also, no simple alcohols were 
ever isolated, although they would be expected to 
result from the hydroboration of the olefin which 
would be expected to occur (especially in the presence 
of excess diborane) had the olefin been present in 
the reaction mixture during the hydroboration step.
Two mechanisms considered as reasonable for 
the formation of trans-propenvlbenzene are now dis­
cussed. Consideration is restricted to the possible 
influence of the X?-nitrogen on the course of oxidation.
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since the evidence cited above clearly indicates that 
olefin formation occurs in this step, and is of course 
observed only because the nitrogen function is present. 
Since eliminated groups are cis. a cyclic mechanism 
appears most reasonable. First, (path a) let us assume 
that the amine oxide (VI) may be formed from the 
reaction of (III) with hydrogen peroxide followed by 
an intramolecular attack of the oxide oxygen atom on 
the electron-deficient boron atom leading to the 
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■borisosazole (711) may then collapse as sho'wn to form 
the products. Path h depicts the intermediate (IV) 
undergoing (instead of alkyl migration) an intramolecular 
nucleophilic attack hy the lone pair of electrons of the 
nitrogen atom displacing a hydroxide ion leading to
(VII). Although neither path is absolutely precluded, 
path h is preferred partly for the reason that the 
formation of tertiary amine oxides is usually carried 
out under acidic conditions (hydrogen peroxide in acetic 
acid, for example). The author is familiar with no 
examples in which alkaline hydrogen peroxide is used 
to form tertiary amine oxides. Another reason that 
path h is preferred is that intermediates of type (IV) 
are implicated in all alkaline hydrogen peroxide oxi­
dations of alkylboranes. In particular, such oxidations 
of alkylboronic (18) and dialkyborinic acids (19) have 
been studied in detail. Furthermore, it is known that 
even under very mild conditions, alkylboranes are very 
rapidly oxidized by alkaline hydrogen peroxide (20). 
Therefore, in the case of the aminoalkylborane (ill) 
one might expect at least a high degree of selectivity 
where the boron atom is oxidized much more rapidly than 
the nitrogen atom. For these reasons, then, path b is 
considered to best accommodate the cis-elimination 
reaction leading to trans-propenvlbenzene.
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As mentioned earlier, experiments 7 and 8,
Table I, resulted in the formation of some cis-nronenyl- 
benzene the formation of which was found to be related 
to the relatively limited amount of hydrogen peroxide 
present in the reaction mixture. Subsequent experi­
ments confirmed this observation, resulting in the 
isolation of cls-propenylbenzene containing only a 
trace of the trans-isomer when no hydrogen peroxide 
was used. The cis-stereochemistry of the olefin was 
confirmed by its n.m.r. spectrum which showed signals 
which were identical with those reported (21) for the 
same compound. The vinyl methyl group displayed a 
double doublet centered at 1.84 p.p.m. (J = 7.0 and 
1.5 c.p.s.), the vinyl protons appeared as a broad 
multiplet from 5*3 to 6.6 p.p.m. and the aromatic 
protons appeared as a narrow multiplet at 7.23 p.p.m. 
Further confirmation of the cis-stereochemistry was 
obtained from the observation that the olefin gave 
the known cis-propenvlbenzene oxide upon epoxidation 
using m-chloroperbenzoic acid. The results of a 
study of various non-oxidative treatments of the 
intermediate aminoalkylborane (ill) are summarized 
in Table II. Although an extensive survey of reagents 
was not undertaken, it is clear that nucleophilic 
reagents promote the reaction leading directly from
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TABLE II
RESULTS OF A STUDY OF THE EFFECT OF VARIOUS 












1 NaOH 1 4 70 91
2 HgO excess 24 70 71
3 NaOAc 2 12 70 69
4 NaOAc 2 - 9 25 13
5 NaOAc 2 2 70 49
6 HOAc 12 168 70 77
7 HOAc 3 6 70 _a
8 none — 2 100 trace^
isolated
®The aminoalkylboronic acid (VIII) (46?̂ ) was
Gas chromatography indicated olefin fraction 
was a mixture of 50^ each of the cis- and trans-isomers
(III) to the cis-olefin. The highest yield of cis- 
propenylhenzene was obtained when the product of the 
hydroboration was refluxed with sodium hydroxide for 
four hours.
Since the stereochemistry of the intermediate 
aminoalkylborane (III) has been established as the
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threo modification. (Figure l), it is clear that cis- 
propenjlheiizeue is the result of a stereospecific 
trans-elimination of the morpholine and horon moieties »
It is assumed that this trans-elimination is initiated 
hy attack of a nucleophilic species on the electron- 
deficient boron atom concomitant with a trans-elimi- 
nation analogous to the hase-catalyzed E 2 elimination 
reaction. The high yield of olefin when sodium hydroxide






N: OH", HgO, CAc
was used is due to the efficacy of the hydroxide ion 
as a nucleophile.
While the present work was in progress. -Lewis 
and Pearce (12) reported high yields ( >80^) of olefins 
from the ex situ hydroboration of both cyclic and 
acyclic enamines followed by refluxing with acetic or 
propionic acid in diglyme for an unspecified period 
of time. These authors proposed a trans-elimination 
for the olefin formation relying heavily on cyclohexene
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formation frosi cyclohesenyl piperidine. Since the 
hydroboration product has trans disposed boron and 
nitrogen moieties, the elimination in thie case could 
hardly result from a cis-elimination. However, these
authors made no comment on the stereochemistry of the 
olefins derived from acyclic enamines.
A similar trans-elimination mechanism was 
proposed recently (22) to account for the results of 
the hydroboration-alkaline hydrogen peroxide treatment 
of 2,3-dicarbomethoxy-2,3-diazabicyclo |2.2.l| hept-
5-ene. In addition to the normal product (alcohol), 
some olefin was observed whose formation was greatly 
enhanced by the presence of various nucleophilic 
reagents during the oxidation step. The mechanism 
for the formation of olefin was presented as depicted 
below.
The aminoalkylboronic acid (VIII) was obtained 
in 46^ yield (experiment 7, Table II) by refluxing 
the intermediate aminoalkylborane (III) with acetic 
acid for a relatively short time. Apparently, the
32
 ' > J?- Ï HNOOgMeWGOoMe ^CQ^Ms2 - ^  ^ r )----2“
NOOgMe (^OOgM
N: - THF, 0H“, EgO, BE"
reaction time in this case was insufficient to allow 
extensive conversion to olefin, although prolonged 
treatment leads to high yields of olefin. It should 
he mentioned that the formation of this horonic acid 
demonstrates mono-hydrohoration of enamine (I).
When the aminoalkylboronic acid (VIII) was 
subjected to the conditions of experiment 2, Table II,
70^ of cis-propenylbenzene was obtained. This observa­
tion implicates the boronic acid (VIII) as the inter­
mediate leading to the cis-olefin. It is also reasonable




to assume that the boronic acid (VIII), formed by 
hydrolysis of the aminoalkylborane (III), is the
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intermediate in the formation of "both the amino alcohol 
(II) and trans-nronenyl'benzene. The horonic acid (YIII) 
also gave cis-propenylhenzene hy simply heating (VIII) 
to its melting point (95°) and allowing the product to 
distill from the melt. The mechanism for this pyrolytic 
behavior of (VIII) is hast considered a traas-elimina- 
tion as discussed ahove and can he likened to the 
decarhoxylative /5*-elimination of /?-halo acid anions. 
Presumably, the zwitterionic form of (VIII) is involved 
as shown below.
H
OH 0=B — OH +
Æ  c ;
0   0.
V M e Phs.f, _ ̂ Me
The significance of the observation that only 
a trace of trans-propenvlbenzene was found as an 
additional product of the experiments in Table II 
might easily have been overlooked were it not for the 
results of a rate study employing the conditions of 
experiment 2. Surprisingly, after 0.5 hours the 
composition of olefin in an aliquot of the reaction 
mixture was 33^ trans- and 66^ cis as determined hy 
gas chromatography. Maximum olefin formation was
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observed ia as aliquot taken after about 4 hours wherein 
the olefin mizture consisted of the cis-isomer containing 
only a trace of the trans-isomer. It seemed curious 
that most of the trans-olefin was formed during the 
first half hour of the reaction. It is known that the 
formation of trans-oropenvlbenzene is the result of a 
cis-elimination on the basis of the established three 
configuration of the intermediate aminoalkylborane (III) 
discussed earlier.
As a possible interpretation of the facts 
discussed above, two types of cis-elimination processes 
were considered, both involving 6-membered cyclic 
transition states (IX and X). Transition state (IX)
H-y -V'Me Ŝiae
Fn- 3  Ph H
(IX) (X)
shows the aminoalkylboronic acid (VIII) undergoing an 
intramolecular cis-elimination. However, one would 
expect to observe a uniform composition of the isomeric 
olefins in the early as well as in the later stages of 
the reaction if parallel intra- and intermolecular 
processes were occurring in which the rate of the 
latter is greater than that of the former. Therefore,
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the process depicted by (IX) seems to be precluded in 
the light of the rate study mentioned earlier.
Transition state (X) depicts a process involving 
an intramolecular 1,6-hydride transfer from the boron 
atom of an amine borane moiety to that of an alkyl- 
borane or boronic acid moiety. Hydride donation from 
amine boranes is not uncommon; the reducing action of 
N-methylmorpholine borane toward carbonyl compounds 
in aqueous media has been noted (21). Process (X) 
anticipates that during the hydroboration step the 
borine, in addition to reacting with the double bond, 
in part becomes coordinated with the nitrogen atom.
The extent of this amine borane formation under these 
conditions is nominal. Only a small amount of crude 
material showing absorption for the amine borane 
moiety in the infrared spectrum was isolated from 
experiments in which the aminoalkylboronic acid (VIII) 
was prepared. Also confirming this observation is the 
fact that when enamine (I) was hydroborated using a 
1:1 ratio, of borine to enamine (I) and then oxidized 
with alkaline hydrogen peroxide, the amino alcohol 
(II) was formed in 51^ yield. If the morpholine 
nitrogen competed successfully with the enamine double 
bond for borine then one would anticipate a substantially 
lower yield of amino alcohol (II) than that observed.
16
Indeed, this yield is at least comparable to those 
cases in ^hich excess borine was employed (Table l).
In order to explore further the possibility 
that the mechanism for the formation of trans-nronenyl- 
benzene might involve a process such as depicted in
(X), an attempt was made to prepare the amine borane 
by a method other than that involving addition of 
borine to enamine (I). It was hoped to prepare (X) 
in good yield via the reaction between the amine hydro­
chloride of aminoalkylboronic acid (VIII) and sodium 
borohydride, a method which has been successfully 
employed (22) for the preparation of pyridine borane 
from pyridine hydrochloride and sodium borohydride.
N-HCl
■^CH-CHMe + > (X) + NaCl + Eg
l(OH)g
(XI)
The amine hydrochloride (XI) was obtained in quantita­
tive yield by passing dry hydrogen chloride through 
an ether solution of the aminoalkylboronic acid (VIII), 
Heating this salt to its melting point (131°) afforded 
cis-propenylbenzene containing no detectable amount 
of the trana-lBomer (by gas chromatography). The
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reaction between the aaine hydrochloride (XI) and sodiuia 
borohydride did not proceed smoothly. Only a small 
amount of gummy material was isolated whose infrared 
spectrum showed some absorption characteristic of amine 
boranes (broad band at 2440 cm”^). However, as much 
as 369̂  trans-propenylbenzene was found in the mixture 
of product olefins when this substance was heated in 
benzene for 12 hours. Although the above work is not 
exactly an elegant demonstration of the operation of 
process (X), the relatively high amount of trans- 
propenylbenzene seems significant. Since the foirmation 
of trans-propenylbenzene does seem related to the 
presence of the amine borane moiety process (X) is not 
precluded as a possible mechanism leading to this olefin.
Finally, the possibility that the amine borane 
might convert the cis-isomer to the trans-isomer by 
reversible addition to the cis-olefin seems unlikely 
in view of the mild conditions employed. Only under 
severe conditions are amine boranes observed to react 
with olefins (25).
EXPEEIHEHTAL
All melting points and ‘boiling points are 
uncorrected.
All solvents used for chromatography were 
redistilled prior to use. Tetrahydrofuran and diglyme 
were distilled from lithium aluminum hydride prior to 
use.
Elemental analyses are "by A. Bernhardt, Micro- 
analytical La'boratories, Mulheim (Ruhr), Germany.
N.m.r. spectra were obtained with a Tarian A-60 
instrument using deuteriochloroform as solvent and 
tetramethylsilaae as internal standard. Chemical 
shifts are reported in 5 -values (p.p.m. from IMS) and 
are followed hy the multiplicity of the signals and 
corresponding coupling constants. She multiplicity 
is denoted hy the symbols: singlet; d, doublet;
t, triplet; double doublet, and m, multiplet. 




Gas chromatograms ^ere obtained with a Barber- 
Colman model 15 instrument equipped ^ith an argon 
detection system. The isomeric propenylbenzenes were 
separated on a 10' x 3 mm. I.D. pyrex column packed 
with 5^ SE-30 on 80-100 mesh Gas Chrom Z operated at 
50°. The detector and inlet temperatures were 200° 
and 180° respectively, and the argon gas was delivered 
at a pressure of 80 p.s.i.
Preparation of a Solution of Diborane in 
Tetrahvdrofuran. —  The procedure used for the
preparation of tetrahydrofuran solutions of diborane 
is modeled after one previously described (25). The 
apparatus used was essentially the same as that de­
scribed in this reference except that instead of 
Tygon connections, glass tubing connected with ball 
and socket joints was used. It is essential to use 
Apiezon L grease on all glass joints to avoid freezing. 
Also, a gas scrubber containing a diglyme solution of 
sodium borohydride was placed in the line leading from 
the generating vessel to the vessel containing the 
tetrahydrofuran in order to trap any boron trifluoride 
etherate that may be carried over.
Briefly, the procedure (25) describes the 
generation of gaseous diborane by the slow addition
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of a 1 M solution of sodium borohydride in diglyme to 
an excess of boron trifluoride etherate dissolved in 
diglyme. The diborane is transferred to a vessel 
containing ice cold tetrahydrofuran. However, it was 
not possible to prepare the solution of sodium boro­
hydride in diglyme free of solids. The solid material 
clogged the funnel during the addition step. Smooth 
generation of diborane was accomplished more conveni­
ently by the slow addition of boron trifluoride 
etherate (not redistilled) to a stirring suspension 
of sodium borohydride in diglyme. Although the appa­
ratus should be swept with nitrogen before use, it is 
not necessary to sweep with nitrogen during the addi­
tion of boron trifluoride etherate. To insure complete 
transfer of diborane, the generating vessel should be 
swept with a gentle stream of nitrogen after all the 
boron trifluoride etherate has been added. Heating 
of the generating vessel at this point should be 
avoided because this results in the transfer of ethyl 
ether.
Using the modified procedure as described 
above, 600 ml. of a tetrahydrofuran solution of 
diborane was prepared in which the concentration was 
1,8 M in borine (81^ yield). This solution was 
obtained by adding 280 ml. (2.22 moles) of boron
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trifluoride etherate to 38 g. (1,0 sole) of sodium 
borohydride suspended in 250 ml, of diglyme. The 
vessel containing the solution of diborane was capped 
with a rubber septum and stored in the refrigerator 
(5° C). After several months, no change in the 
concentration of borine was observed,
Tetrahydrofuran solutions of diborane were 
standardized by measuring the volume of hydrogen 
liberated upon reaction of the diborane with ethylene 
glycol. Aliquots of the solution were injected into 
a septum-capped vessel containing a 509̂  diglyme solution 
of ethylene glycol. The small vessel was equipped 
with a sidearm which was connected to a water-filled 
burette in order to collect and measure the volume of 
hydrogen liberated.
Preparation of 4-(1-Phenyl-l-propenyl) Morpholine 
(I), —  This procedure is modeled after one previously
described for the preparation of related enamines (26).
To 180 ml. of toluene was added 6 g. of Dowex 50 W-X8 
ion exchange resin and the mixture was refluxed under 
a Dean-Stark water separator in order to dry the wet 
resin. The mixture was cooled and 80,4 g, (0.600 mole) 
of propiophenone and 104.4 g. (1,2 mole) of morpholine 
were added all at once. The mixture was allowed to 
reflux under the separator until the theoretical
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amount of water was removed (about 9 days). The 
mixture was cooled and decanted from the resin. After 
removal of solvent and ezoess morpholine the residue 
was distilled at 15 mm. and 5 fractions were collected: 
i 50-117°; ii 117-127°; iii 127-154°, 51.524 g.; iv 
124-152°, 58.594 g., n|^ 1.5509; v 150-152°, 24.181 g. 
Fractions i and ii contained unreacted starting materials 
and solvent. Infrared spectra of the remaining fractions 
displayed prominent bands at 1650 cm”^ (double bond) 
and 1115 cm”  ̂(ether of morpholine moiety). The com­
bined weight of fractions iii, iv and v corresponds to 
77^ yield of the enamine. These fractions were bottled 
separately under nitrogen and stored in the refriger­
ator.
Hydroboration Followed by Alkaline Hydrogen 
Peroxide Treatment of 4-(l-Phenyl-l-nronenvl) Morpholine 
(I). —  The hydroboration of this enamine was carried
out ez situ. A 250 ml. 5-necked flask fitted with an 
addition funnel capped with a rubber septum and provided 
with a gas inlet mounted on the pressure-equalizing 
side arm was flamed dry in a stream of purified nitrogen. 
Maintaining a gentle nitrogen flow, the enamine diluted 
with 15 ml. of dry tetrahydrofuran was added to the 
flask with a syringe. Also using a syringe, the addition 
funnel was charged with the appropriate amount of a
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standard tetrahydrofuran solution of diborane to 
correspond to 1.5 to 2 mole ratios of borine to enamine
(I). The flask was immersed in an ice bath and the 
diborane solution was added dropwise during 5 to 35 
minutes to the gently stirred (magnetic) solution of 
the enamine. After all the diborane was added, the 
ice bath was removed and the flask was kept at room 
temperature for 35 minutes to overnight while the 
system was sealed under nitrogen with a mercury valve. 
Usually, in two hours the light yellow color of the 
enamine was completely discharged. The mixture was 
cooled with an ice bath and water was added slowly 
until hydrogen was no longer evolved. Then a mixture 
of 30^ hydrogen peroxide and aqueous sodium hydroxide 
diluted with 10 ml. of water was added dropwise to the 
stirring solution. The quantities of these reagents 
are indicated in Table I.
At the end of the alkaline hydrogen peroxide 
treatment, most of the tetrahydrofuran was distilled 
and the residue was extracted three times with 15 ml, 
portions of ether. To separate any amine, the combined 
ether extracts were washed four times with 10 ml. 
portions of U hydrochloric acid. The ether solution 
was then washed with water until the washings were 
neutral to pH paper, dried over sodium sulfate and
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the ether removed to give the neutral fraction of the 
reaction. The neutral fraction was identified as 
trans-propenylhenzene containing some impurities.
The infrared spectrum (neat) displayed a prominent 
hand at 960 em”  ̂characteristic of out-of-plane 
deformation of the trans-suhstituted ethylenic double 
bond (14), and was identical with that of an authentic 
specimen. The methyl region of the n.m.r. spectrum 
of a neat sample had signals at 1.68 d (J = 5 c.p.s.)
(3 protons). Vinyl protons appeared at 6.20 m 
(2 protons) and aromatic protons at 7.15 ^ (5 protons). 
The pH of the combined acid washings was adjusted to 
10 with 5 N aqueous sodium hydroxide, and the pre­
cipitated amine was extracted five times with 10 ml. 
portions of ether. The combined ether extracts were 
washed with water until the washings were neutral to 
pH paper, dried over sodium sulfate and the ether 
removed to give l-(4-morpholino) l-phenyl-2-propanol
(II) as a white solid, m.p. 90.2-94^. Prominent bands 
in its infrared spectrum (KBr) appeared at 5500 cm~^ 
(hydroxyl) and 1115 cm~^ (ether of the morpholine 
group). A recrystallized sample (hexane) of the 
amino alcohol showed m.p. 93-95°.
Preparation of the Methiodide of 1-(4-Morpholino) 
l-phenyl-2-propanol (II). —  The amino alcohol (4.42 g.,
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0.0200 mole) obtained from the ex situ hydrohoration- 
alkaline hydrogen peroxide treatment of 4-(l-phenyl-l- 
propenyl) morpholine (I) was refluxed in 25 ml. of 
methyl iodide for 191 hours. The solid methiodide 
(5.059 g., 4296 yield) was collected on a funnel and 
washed with ether. After air-drying, the methiodide 
showed m.p. 177-178°. Recrystallization of 0.091 g« 
of the methiodide (ethyl acetate-ethanol) afforded 
0.045 g. of an analytical sample whose melting point 
was unchanged.
Anal. Calcd. for G, 46.29; H, 6.11;
R, 5.86. Pound: 0, 46.14; H, 6.12; N, 3.75.
Treatment of the Methiodide of 1-(4-Morpholino) 
l-phenyl-2-propanol (II) with Sodium Hydride. —  To
a slurry of 0.515 g. (0.0214 mole) of sodium hydride 
in 15 ml. of dry tetrahydrofuran was added O.5OO g. 
(0.00138 mole) of the methiodide. A very slow 
evolution of hydrogen was noted. The reaction flask 
was sealed under nitrogen with a mercury valve and 
the mixture was refluxed for 4 hours. The mixture 
was cooled, flooded with 35 ml. of hexane and filtered 
to remove the excess sodium hydride. The filtrate, 
which became milky presumably due to the precipitation 
of a small amount of unreacted methiodide was filtered 
again. The solvent was distilled from the clear
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filtrate and 0.125 g. (67# yield) of c^-propenylbenzene 
ozide was left as a light yellow liquid. The infrared 
spectrum (chloroform) was identical with that of an 
authentic specimen of cis-pronenylhenzene 03:ide (oxide 
hand at 851 cm“ )̂ and was homogeneous hy gas chromato­
graphy (5# SE-30 at 75°)* Also, a gas chromatogram 
of the cis-oxide admixed with authentic trans-propenyl- 
henzene oxide showed two partially separated peaks, 
the first of which corresponded to the authentic 
trans-oxide. The n.m.r. spectrum (carhon tetrachloride) 
of the cis-oxide prepared above displayed signals in 
the methyl region at 1.03 d (J = 5.3 c.p.s.). The 
benzyl proton was at 3.93 d (J = 4.0 c.p.s.) and the 
proton on the carbon bearing the methyl group was at 
3.51 m. The aromatic protons appeared at 7.26 s.
This spectrum was identical with the n.m.r. spectrum 
from an authentic specimen of cis-propenylbenzene oxide.
Preparation of cis-Propenylbenzene Oxide from 
oia-Propenylbenzene. —  The olefin (0.153 g.,
0.00195 mole) dissolved in about 2 ml. of chloroform 
was treated with a solution of 0.283 g. (0.001425 mole) 
of m-chloroperbenzoic acid (85# purity) in 4 ml. of 
chloroform. The solution was kept at room temperature 
with stirring for 26 hours during which time a white 
precipitate of m-chlorobenzoic acid was observed. The
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reaction aizture was then treated with 10^ aqueous sodium 
sulfite until the mixture gave a negative test with 
starch-iodide paper. The reaction mixture was washed 
twice with 10^ aqueous sodium carbonate, twice with 
water, once with brine and dried over sodium sulfate. 
Removal of solvent afforded 0.137 g. (79^ yield) of 
the cis-oxide as a colorless liquid. The infrared 
spectrum (chloroform) of the oxide showed a band 
characteristic of cis-oxides at 852 cm”^ (15,16).
The n.m.r. spectrum (carbon tetrachloride) was iden­
tical in all respects with that obtained in the pre­
ceding experiment.
Preparation &f tyana-Propenvlbenzene Oxide 
from trana-Propenvlbenzene. —  To 2.0 g. (0.0170
mole) of the olefin dissolved in 15 ml. of chloroform 
was added a solution of 3.66 g. (0.0181 mole) of 
m-chloroperbenzoic acid in 50 ml. of chloroform over 
15 minutes with stirring. The solution was kept at 
room temperature with stirring for 4.5 hours during 
which time a white precipitate of m-chlorobenzoic 
acid was observed. The reaction mixture was then 
treated with 10^ aqueous sodium sulfite until the 
mixture gave a negative test with starch-iodide paper. 
Approximately 20 ml. of 10^ aqueous sodium carbonate 
was added and the white precipitate dissolved. The
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layers were separated and the organic phase was washed 
once with 20 ml. of 10^ agueous sodium carbonate, once 
with 20 ml. of brine and dried over anhydrous sodium 
carbonate. Removal of solvent afforded 2.206 g.
(97^ yield) of the trans-oxide as a slightly yellow 
liquid. The infrared spectrum (chloroform) of the 
oxide showed a band characteristic of trans-oxides 
at 858 cm“^ (15,16). The n.m.r. spectrum (carbon 
tetrachloride) displayed signals in the methyl region 
at 1.36 d (J = 5.1 c.p.s»). The benzyl proton gave 
a signal at 3.44 d (J = 1 c.p.s.) and the aromatic 
protons at 7.25 s_.
Hvdroboration of 4-(l-Phenvl-l-nropenvl) 
Mornholine (l) Followed by a Variety of Hon-Oxidative 
Treatments. —  The apparatus and the hydroboration
procedure used in these experiments were the same as 
those used for the hydroboration-alkaline hydrogen 
peroxide reactions of enamine (I). In each experiment 
the mole ratio of borine to enamine (I) was 2:1.
Following the various treatments shown in 
Table II, the usual procedure used for isolation of 
the olefin involved removal of most of the tetrahydro­
furan by distillation. The aqueous residue was then 
extracted thoroughly with ether and the combined 
ether solution was washed with water until the washings
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•were neutral to pH paper. In experiment 2, Table II 
It was noted that the aqueous phase was strongly basic, 
presumably due to the presence of morpholine. After 
drying the combined ether extracts with sodium sulfate 
and removing the ether, propenylbenzene was afforded 
in the yields shown in Table II as a mobile, slightly 
yellow liquid. Identification of the crude product 
as cis-propenylbenzene was based largely on the n.m.r. 
spectrum which showed only traces of impurities. In 
all cases, the methyl group showed signals at 1.84 ^
(J = 7.0 and 1.5 c.p.s.), the vinyl protons gave signals 
from 5.3 to 6.6 m and the aromatic protons gave a strong 
signal superimposed on a narrow multiplet at 7.23 m. 
Similar values have been reported for cis-propenylbenzene 
(14).
Isolation of the Aminoalkylboronic Acid (7III).
(a). After hydroboration of the enamine (I)
(2.184 g., 0.01074 mole) by the usual procedure, 2 ml. 
of glacial acetic acid was added and the mixture was 
brought to reflux (see experiment 7, Table II). At 
the end of the reflux period, two clear, colorless 
layers were observed. The mixture was diluted with 
30 ml, of water and treated with 5 ml. of 5 H sodium 
hydroxide to neutralize the acetic acid. After 
distilling most of the tetrahydrofuran, the residue
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was extracted with four 10 ml. portions of ether. The 
combined ether extracts were washed with water until 
the washings were neutral to pH paper and dried over 
sodium sulfate. Removal of the ether afforded 1,038 g. 
(46^) of the aminoalkylboronic acid (YIII) as a semi­
solid which solidified upon trituration with hexane. 
After air-drying the aminoalkylboronic acid (7III) 
showed m.p. 95-97° (melted to a turbid liquid). The 
infrared spectrum had prominent bands at 3330 cm“  ̂
(hydroxyl groups on boron) and 1118 cm“^ (ether linkage 
of morpholine moiety). This compound was noted to be 
soluble in both 3 hydrochloric acid and 5 H sodium 
hydroxide.
(b). Hydroboration of enamine (I) (4.060 g.,
0.020 mole) was carried out as described earlier with 
the exception of the hydrolysis step in which 5 ml. 
of dry methanol was used instead of water. The re­
action mixture was distilled to remove the tetrahydro­
furan, methanol and methyl borate leaving the dimethy1- 
aminoalkylboronate as a heavy, turbid liquid. This 
material was treated with 20 ml. of distilled water 
containing 3.5 ml. (0.060 mole) of glacial acetic acid 
and kept at room temperature for one hour during which 
time the dimethylaminoalkylboronate dissolved leaving 
a slightly turbid solution. This solution was
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neutralized vîith 5 1. sodium hydroxide and the precipi­
tated aminoalkylboronic acid (YIIl) was collected on 
a funnelo After air-drying overnight the material 
weighed 3 g. (60^) and showed the same melting point 
and infrared spectrum as the material isolated in 
part (a) above. A small sample was recrystallized 
from acetone-hexane to afford an analytical sample, 
m.p. 97.2-102° (melted to a turbid liquid).
Anal. Calcd. for C^^H2qBII0̂ ; 0, 62,67; H, 8.09; 
B, 4.34; N, 5.62. Found: 0, 62,76; H, 7.97; B, 4.16;
N, 5.78.
(c). The enamine (I) (5.37 g., 0.027 mole) was 
hydroborated in the usual fashion with the exception 
of the hydrolysis step in which 10 ml. of 1 B hydro­
chloric acid was added carefully instead of water.
Then 25 ml. of 1 B hydrochloric acid was added all at 
once and the flask was kept at room temperature for 
3 hours. The aqueous solution was then washed twice 
with ether to give the neutral fraction of the reaction. 
Sodium hydroxide (5 E) added to the aqueous phase 
until the pH was slightly above 7. TheL^treoip±tated____
aminoalkylboronic acid (VIII) was collected on a funnel, 
washed with water and allowed to air-dry overnight.
This material weighed 4.5 g (66^) and showed the same 
infrared spectrum as the material in parts (a) and (b)
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above. Removal of ether from the neutral fraction 
left 1.1 g. (14^) of the amine borane (%) as a heavy- 
liquid. The infrared spectrum showed absorption at 
2410 cm”  ̂characteristic of amine boranes.
cis-Propenylbenzene from the Aminoalkylboronic 
Acid (VIII). —  (a). A solution of 0.892 g. (0.00395
mole) of the aminoalkylboronic acid (VIII) in 20 ml. 
of 509  ̂aqueous tetrahydrofuran was refluxed for 20 
hours. The tetrahydrofuran was distilled and the 
residue was cooled and extracted three times with 
ether. The aqueous phase showed a pH of 9 (pH paper) 
due to the presence of morpholine. The combined ether 
extracts were washed with water until the washings were 
neutral to pH paper and dried over sodium sulfate. 
Removal of the ether afforded 0,296 g, (70^) of cis- 
propenylbenzene as a slightly yellow liquid. Without 
further purification the infrared and n.m.r. spectra 
were identical in all respects with other samples of 
cis-propenylbenzene isolated from experiments summarized 
in Table II,
(b). A short-path distillation apparatus was 
charged with 0.171 g. (0.00069 mole) of the aminoalkyl­
boronic acid (VIII) and a vacuum of 35 mm. was applied. 
The material was warmed gently with a micro burner to 
its melting point and the distillate, 0.125 g., was
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collected. The n.m.r. spectrim of the distillate^ 
indicated the presence of only cis-propenyl'benzene and 
morpholine.
A Kinetic Study of the Aqueous Treatment of 
the Intermediate Aminoalkylborane (III). —  The
enamine (I) (2.03 g., 0,010 mole) was hydroborated and 
the reaction mixture was hydrolyzed as described in 
earlier experiments. Then 15 ml. of water was added 
all at once and the reaction mixture was brought to 
reflux with stirring. After 0.5 hours a 5 ml, aliquot 
was removed, flooded with 25 ml, of water and extracted 
with three portions of ether. The combined ether 
extracts were washed twice with water, once with brine 
and dried over anhydrous sodium carbonate. The ether 
solution was diluted to 100 ml. in a volumetric flask 
and analyzed using the Barber-Colman gas chromatograph. 
This procedure was repeated at one hour intervals for 
a total of six hours. Equal volumes (0,8 1,) of the
ether solution containing product olefins were injected 
on the gas chromatographic column. The aliquot removed 
after 0.5 hours gave a gas chromatogram showing a 
mixture of isomeric propenylbenzenes containing 33^ 
of the trans-isomer. The aliquot taken after 1 hour 
contained approximately 10^ of the trans-isomer rela­
tive to the cis-isomer and subsequent aliquots taken
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at 1 hour intervals showed progressively less of the 
trans-isomer. The reaction appeared to be complete 
after 3 hours (maximum peak height for the cis-isomer) 
and the gas chromatogram of aliquots after 3, 4, 5 and 
6 hours showed an olefin composition of about 99^ cis- 
isomer and 1^ trans-isomer.
Preparation of the Hydrochloride of the Amino- 
alkylboronic Acid (VIII). —  Dry hydrogen chloride 
gas was bubbled through an ethereal solution of 1,435 g< 
(0.00576 mole) of the aminoalkylboronic acid (VIII) 
until precipitation ceased. The hydrochloride was 
collected on a funnel, washed with ether and allowed 
to air-dry briefly. The hydrochloride, 1.67 g. (lOO^) 
showed m.p. 131° (d) and was soluble in water. The 
infrared spectrum showed absorption in the region 
between 2500 and 2800 cm"^ characteristic of ammonium 
compounds. This salt was observed to decompose upon 
standing at room temperature for a few weeks giving 
off an odor of propenylbenzene.
cis-Propenvlbenzene from the Hydrochloride of 
the Aminoalkylboronic Acid (VIII). —  A small sample 
of the hydrochloride of the aminoalkylboronic acid 
(VIII) was heated gently (microburner) in a test tube 
until a mobile liquid was observed to form. Then, 
about 3 ml. of hexane was added in order to prepare
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a sample for gas chromatographic analysisc The hexane 
solution gave a peak corresponding to cis-propenyl- 
henzene. Eo peak for the trans-isomer could he 
detected.
Preparation of the Amine Borane (X) from the 
Hydrochloride of the Amlnoalkylhoronic Acid (VIII).
This procedure is modeled after that reported (24) 
for the preparation of pyridine horane. To 1.634 g. 
(0.00572 mole) of the hydrochloride of the aminoalkyl­
boronic acid (VIII) dissolved in 25 ml. of chloroform 
was added 0.435 g. (0.0114 mole) of sodium borohydride 
ground to a fine powder. Rapid evolution of hydrogen 
was observed upon addition. The reaction flask was 
kept at room temperature with stirring for 10.5 hours 
after which time the reaction mixture was flooded 
with ether and filtered. The funnel contained a 
significant quantity of a white solid which turned to 
a tan paste on standing. No further work was done 
with this material. The solvent was removed from the 
filtrate leaving 0.098 g. of the crude amine borane
(X) as a tan, gummy material. The infrared spectrum 
showed a very broad band with maximum absorption at 
2450 cm”^ which is characteristic for amine boranes.
nls- and jraaa-Propenylbenzene from the Crude 
Amine Borane (X). —  The gummy material whose isolation
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is described, in the previous experiment was refluxed 
in benzene for 12 hours. A gas chromatogram of the 
benzene solution after this time showed two peaks 
corresponding to 36^ trans- and 649̂  cis-propenylbenzene. 
This estimate is based on the peak areas as determined 
by the product of peak heights and peak widths at 
half-height.
SUMMARY
The ez situ hydrohoration of 4-(l-phenyl-l= 
propenyl) morpholine (I) followed hy alkaline hydrogen 
peroxide treatment affords the normal product, 1- 
(4—morpholino) l-phenyl-2-propanol (II) and an unex­
pected product, trans-propenylhenzene. Various condi­
tions for the oxidative treatment have heen examined. 
The stereochemistry of the intermediate aminoalkyl- 
horane (III) has heen determined and leads to the 
conclusion that trans-pronenvlhenzene results from 
a cis-elimination.
Treatment of the intermediate aminoalkylborane 
(ill) with water, sodium hydroxide, acetic acid or 
sodium acetate affords good yields of cis-propenyl- 
henzsns. The aminoalkylhoronic acid (VIII), formed 
hy hydrolysis of (III), has heen isolated and char­
acterized. Pyrolysis or aqueous treatment of (VIII) 
affords cis-propenvlhenzene. A trans-elimination 




The formation of a nominal amount of trans- 
propenylbenzene during the various non-oxidative 
treatments of the intermediate aminoalkylborane (ill) 
has been observed. Evidence has been provided which 
implicates an intermediate amine borane (X) in the 
formation of trans-nropenvlbenzene. A cis-elimination 
mechanism has been proposed to rationalize the forma­
tion of trans-propenvlbenzene.
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TART III
ISOLATION OF CHLOHnrE-CONTAIHING OOMPOTINIlS FROM 
THE GORGONIAH, BRIAREÜM ASBESTINÜM FARIAS
INTRODUCTION AND DISCUSSION
This laboratory has been concerned with the 
isolation and structure elucidation of compounds from 
certain marine invertebrates such as Eunices mammosa, 
Fseudonlezaura porosa, and Eunices palmeri. Each of 
these species is fairly rich in terpenoid materials 
whose structure elucidation has been the subject of 
many interesting and fruitful investigations. The 
present work was undertaken with the aim of isolating 
related materials from the marine invertebrate 
Briareum asbestinua.
The other species referred to above have been 
found to contain sesquiterpene hydrocarbons and solid 
diterpene lactones. The former are isolated from 
cold pentane washings of the ground animal; the latter
111
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from a lengthy extraction #ith hot hexane employing a 
Soxhlet-type apparatus. With Briareum ashestinum the 
ahove extraction scheme gave a dark, heavy oil from 
the cold pentane washings and some red solid material 
from the hexane extraction. Inspection of the oil 
from the pentane washings hy thin layer chromatography 
gave no indication that the sesquiterpene hydrocarbons 
were present. Also, chromatography of the red solid 
from the hexane extraction on a Plorisil column using 
benzene as the eluant (conditions used to isolate the 
diterpene lactone from Eunicea mammosa) gave no distinct, 
isolable compound.
The red solid was chromatographed on a Elorisil 
column this time using 50^ ethyl acetate in benzene 
as the eluant. Under these conditions, the red pigment 
was not held on the column but some green pigment 
remained at the top of the column throughout the 
chromatography. From 4.685 g. of the solid, 3.391 g. 
of red pigmented material was collected from the column. 
Trituration of this material with ether dissolved most 
of the red pigment leaving a small amount of tan solid 
behind. Thin layer chromatography of this ether- 
insoluble tan solid showed the presence of two compounds; 
a major spot followed closely by a minor spot. Several 
recrystallizations (benzene-hexane) gave a white.
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crystalline solid m.p. 204.5-205^ (d) "but this material 
was still a mixture of two compoundso Initially, the 
compound corresponding to the leading spot in the thin 
layer of this mixture was designated as ashestinin A; 
the latter ashestinin Bo However, these names are now 
reserved for another pair of compounds isolated from 
this species (see below) which, though showing closely 
similar chromatographic and solubility properties, 
have been shown by x-ray crystallographic studies to 
be unlike the pair just described. Due to limited 
quantities of material, no further work was done with 
the pair of compounds isolated by continuous hexane 
extraction.
Subsequent work actually led to the isolation 
of a second pair of compounds in greater quantity. 
Continuous ether extraction of ground Briareum 
ashestinum afforded 2.072 g. of another light tan 
solid whose thin layer chromatogram (ether) again 
showed a pair of closely spaced spots. She lead spot 
is designated as ashestinin A; the latter ashestinin B. 
However, there remained the problem of the efficient 
separation of the two asbestinins present in the crude 
mixture. Since recrystallization techniques failed, 
it was decided to examine preparative column chromato- 
grapb^ techniques in an effort to resolve these two 
compounds.
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Since ether proved to be an efficient solvent 
for the thin layer separation of ashestinin A from 
ashestinin B, it seemed reasonable to employ this 
solvent on a preparative scale using column chromato­
graphy (silicic acid)» Although this technique afforded 
some pure ashestinin A, the use of ether was rejected 
on the basis that the low ether solubility of the two 
compounds caused extensive precipitation of material 
on the column. The residual mixture of ashestinin A 
and B was recovered by washing the column with ethyl 
acetate. Silicic acid chromatography of the recovered 
mixture, this time using 209  ̂ethyl acetate in benzene 
as the eluting solvent, afforded pure ashestinin A 
in much higher yield. The total quantity (1.661 g.) 
of pure ashestinin A isolated from the ground Briareum 
ashestinum corresponds to 0.0929̂  yield based on the 
dry weight of the ground animal. The remainder of the 
material recovered from the silicic acid column consisted 
of a mixture containing ashestinin A and B now greatly 
enriched in B. Pure (by thin layer) ashestinin B 
was obtained by a second silicic acid column chromato­
graphy (30^ ethyl acetate in benzene). The early cuts 
afforded 0.234 g. of a mixture of the asbestinins; the 
latter cuts provided 0.251 g. of chroffiatographically
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pure asbestinin B which, was recrystallized from ethanol- 
water giving 0,197 g. of crystalline material.
Pure ashestinin A, recrystallized from 1:1 
henzene-hexane, showed m.p. 226-227° (d) a n d - 
93»6°. This compound was presumed to correspond to 
the diterpene lactones isolated from other marine 
invertebrates. Surprisingly, an attempt to obtain 
a mass spectral cracking pattern revealed the .presence 
of chlorine in the compound, as evidenced by a charac­
teristic pair of peaks for hydrogen chloride at 35 and 
37 in the ratio of 3:1. Ashestinin A failed to give 
a normal mass spectral pattern (no parent ion detectable) 
apparently due to the very low volatility of this 
compound. The appearance of hydrogen chloride was 
apparently the result of thermal decomposition during 
the attempt to obtain the mass spectrum» The chlorine 
content of ashestinin A was confirmed by its elemental 
analysis for carbon, hydrogen, oxygen, and chlorine 
which indicated an empirical formula of
Ashestinin B, the minor component in the crude 
mixture of ashestinin A and B, showed m.p, 223-224.5°
(d)„ Like ashestinin A, ashestinin B also contains 
chlorine as confirmed by its elemental analysis for 
carbon, hydrogen, oxygen and chlorine which indicated 
an empirical formula of ^32^41^14^^° When the sample
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of aslsestiain B was forwarded to the z-ray laboratory 
for examination, it was discovered by Dr. Hossain that 
this material was a mixture of two crystalline forms 
(plates and needles). After Dr. Hossain had mechani­
cally separated these two forms, an elemental analysis 
of the needles indicated an empirical formula of 
O^gH^yO^^Ol. Unfortunately, only a carbon-hydrogen 
determination could be obtained on the plate form 
because only a minute quantity of this material was 
available. However, the analysis revealed a signifi­
cant difference between the two forms with respect 
to percentages of carbon and hydrogen.
The infrared spectrum (KBr) of ashestinin A 
(Figure l) and ashestinin B(needles)(Figure 2) are 
quite similar. Small differences in the fingerprint 
region of these two spectra are apparent. Both spectra 
exhibit a rather large broad band in the hydroxyl region. 
However, the infrared spectrum of each compound in chloro­
form solution showed the complete absence of hydroxyl 
absorption. Apparently, the potassium bromide used to 
obtain the spectra shown in Figures 1 and 2 contained 
sufficient water to display the broad absorption in 
the hydroxyl region. Ho sinal due to hydroxyl hydrogen 
was present in the n.m.r. spectrum in dimethyl sulfoxide 




Figure 1. —  Infrared Spectrum of Aslaestinin A.
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Figure 2, —  Infrared Spectrum of Asbestlnin B.
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was further suhstantiated hy its failure to undergo 
acétylation under conditions which readily esterify . 
even tertiary alcohols. Although the unchanged 
ashestinin A was not actually recovered after the 
acétylation attempt, thin layer chromatograms of 
aliquots of the reaction mixture indicated that 
ashestinin A remained unchanged.
Both ashestinin A and ashestinin B (needles) 
have the following significant infrared hands in 
common: hroad carbonyl at 1740 cm“ , 1240 cm~
(acetate), 1780 cm”^ (saturated v^-lactone) and 
1370 cm”^ (methyl). When the spectra of ashestinin 
A and ashestinin B are obtained using chloroform 
solutions a small, sharp hand appears at 3560 cm” .̂ 
This hand is assigned as an overtone hand of the 
lactone carhonyl.
The n.m.r. spectrum of ashestinin A (Figure 3) 
can he interpreted only in hroad terms pending further 
structural evidence. An unsymmetrical triplet appears 
at 0,95 p.p.m. (j = 8.0 c.p.s.) which may reasonably 
he assigned to the methyl of an ethyl group. Three 
other signals appear in the methyl region at 1.28,
1,42 and 1,55 p.p.m. These signals are assumed to he 
due to methyl groups on carhon hearing oxygen (e.g., 
acetate) although the last signal is also reasonable
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for a vinyl methyl group, Two closely spaced sharp 
signals appear at 1.97 and 2.00 p.p.m. The former 
signal may he attributed to two similar acetate 
methyls and the latter signal is probably due to a 
third acetate methyl. A signal at 2.22 p.p.m. is 
assigned as a fourth acetate methyl. Although a chem­
ical shift of 2,22 p.p.m. is more reasonable for a 
methyl ketone, it is assigned to an acetate group
for the following reasons. First, no attenuation of»
this signal was observed when asbestinin A was treated 
with sodium deuteroxide in deuterium oxide in the 
n.m.r. sample tube. The signal would be expected to 
disappear under these conditions if the signal was 
due to a methyl ketone. Secondly, a microanalytical 
acetyl determination on asbestinin A indicated 4.26 
acetyl groups. The amount in excess over 4.0 is 
probably due to the partial release of hydrochloric 
acid during the acetyl determination.
A singlet (1 H) appearing at 3.10 p.p.m. rapidly 
disappears when asbestinin A is treated with sodium 
deuteroxide in deuterium oxide in the n.m.r. sample 
tube. The persistence of this signal when asbestinin 
A is treated with deuterium oxide alone precludes the 
possibility that this signal is due to a hydroxyl 
hydrogen. A reasonable interpretation of these facts
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is that the signal at 3=10 p=PoSe is due to a lone 
proton alpha to a ketone carbonyl. Although normal 
ketone absorption (1710 cm” )̂ is absent in the infrared 
spectrum the possibility of a strained ketone is not 
precluded since it would be masked by the strong 
acetate absorption. A chemical shift of 3.10 p.p.m. 
is somewhat high for a methine proton alpha to a 
ketone unless it is flanked by another electronegative 
functionality (e.g., y^-lactone carbonyl). A reasonable 
conclusion, then, is that this readily exchangeable 
methine proton is of the acetoacetic ester type.
After the signal at 3.10 p.p.m. discussed above 
has been removed by deuterium exchange, there remains 
a small quartet (l H) at 3.12 p.p.m. (J = 8.0 c.p.s.). 
This methine proton signal is tentatively assigned to 
a hydrogen attached to carbon bearing an ether oxygen 
but probably is not coupled with a secondary methyl 
group since no corresponding doublet signal appears 
in the methyl region.
A singlet (1 H) at 3.83 p.p.m. is considered 
to be due to a proton on the carbon bearing the chlorine 
atom.
Finally, the region from 4.7 to 6.3 p.p.m. (7 H) 
shows a complex pattern including a doublet at 4.87 p.p.m. 
(J = 3.8 c.p.s.) which is tentatively assigned to a
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proton on carbon bearing the lactone osygen. The 
balance of the pattern can be assigned to protons under 
the acetate groups in addition to vinyl protons.
The n.m.r. spectrum of asbestinin B (needles) 
is quite similar to that of asbestinin A (Figure 4).
Each spectrum has the methyl triplet mentioned earlier 
at 0.95 p.p.m. (J = 8.0 c.p.s.). In contrast to 
asbestinin A, asbestinin B (needles) has four instead 
of three other signals in the methyl region at 1.50, 
1.42, 1,48 and 1.55 p.p.m. Three acetate methyls 
appear at 1.92, 1.98 and 2.00 p.p.m. A signal at 
2.26 p.p.m. is tentatively assigned to a fourth 
acetate methyl, A microanalytical acetyl determination 
on asbestinin B (needles) indicated 4.716 acetyl groups. 
The excess over 4.0 is again considered to be due to 
the release of hydrochloric acid during the acetyl 
determination,
A singlet appears at 3,02 p.p.m, superimposed 
on what appears to be a quartet. This same pattern 
is found in the n.m.r. spectrum of asbestinin A and 
is tentatively assigned in a similar way, although 
the esnhangeable nature of the proton responsible for 
the 3.02 p.p.m. signal was not demonstrated.
In contrast to the n.m.r. spectrum of asbestinin 
A the spectrum of asbestinin B (needles) has a small
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Figure 5. —  N.m.r. Spectrum of Astestinin A.
Figure 4. xt •m* Spectp'um of AsuGstixiijn B (needles)
123
out oomplez pattern at 3.70 p.p.m. which will remain 
unassigned in the present work. A singlet (l H) at 
3.90 p.p.m. is considered to be due to a proton on 
carbon bearing the chlorine atom. The remaining 
pattern from 4.75 to 5.83 p.p.m. (7 H) is assigned 
to protons on carbon bearing acetate groups and the 
lactone oxygen. Unlike asbestinin A asbestinin S 
shows no signals above 5.83 p.p.m. Therefore, the 
possibility of the presence of vinyl protons is 
reduced.
The isolation of asbestinin A and B provides 
a novel addition to the growing list of natural 
products isolated from marine sources. Naturally 
occurring compounds containing halogen are extremely 
rare. The only other halogen-containing natural 
product of marine origin was reported recently by 
T. Irle, M, Suzuki and T. Masamune (l). They isolated 
the bromine-containing compound, laurencin, from the 
marine organism Laurencici glandulifera. laurencin 
has the elemental composition C^-^Hg^O^Br. Structural 
assignment of this compound was based largely on 
n.m.r. decoupling experiments.
EXPERIMEHÎDAL
All melting points are uncorrected.
All solvents used for chromatography were 
redistilled prior to use.
Optical rotations were obtained with a 
Gaertner 1-520 Polarimeter.
Thin layer chromatograms were obtained on 
5 X 20 cm. glass plates coated with a 0.25 mm. layer 
of Silica Gel H (E. Merck AG. Darmstadt). Iodide 
vapor was used for visualization of the spots.
Column chromatography was performed utilizing 
either 100 mesh silicic acid (Mallinckrodt analytical 
reagent grade) or 100-200 mesh Plorisil (Ploridin 
Company).
Elemental analyses are by A. Bernhardt, Micro- 
analytical laboratories, Mulheim (Ruhr), Germany.
N.m.r. spectra were obtained with a Varian 
A-60 instrument using deuteriochloroform as solvent 
and tetramethylsilane as internal standard. Chemical 
shifts are reported in 5 -values (p.p.m. from TMS)
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and are followed by the multiplicity of the signals 
and corresponding coupling constants, The multipli­
city is denoted by the symbols: £, singlet; d, doublet
and t, triplet. Infrared spectra were recorded on a 
Beckman IE-8 spectrophotometer.
The Briareum asbestinum. collected in Jamaica, 
at South Cay, March 29, 1965 and ground in a Waring 
blendor was kindly supplied by Br. Leon S. Oiereszko.
Material from the Hot Hexane Extraction of 
Briareum asbestinum. —  The finely ground Briareum 
asbestinum (1216 g.) was covered with about one liter 
of pentane and allowed to stand for one hour at room 
temperature. The pentane, heavily colored with dark 
green pigmented material, was allowed to drain from 
the bottom of the container. This process was repeated 
two more times with fresh pentane. The ground animal 
was then extracted with hot hexane in a Soxhlet-type 
apparatus for 48 hours. During the extraction period 
some red solid had deposited on the bottom of the 
flask. The hexane was distilled until the flask 
contained approximately one-half of the original 
volume of hexane (about 350 ml.). Filtration of the 
residual hexane afforded 4.6853 g. of a red-orange 
solid.
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All of the red-orange solid was chromatographed 
on 300 g. of Plorisil. The 44 x 365 mm. column was 
eluted first with benzene collecting 250 ml. cuts. No 
detectable amount of material was eluted from 2 liters 
of benzene eluate (6 cuts). The eluting solvent was 
changed to ethyl acetate in benzene (l:l) causing a 
red pigmented band to move down the column and leaving 
some green pigmented material at the top. Fraction 7 
afforded 3.391 g. of dark red material most of which 
dissolved when triturated with 20 ml. of ether leaving 
a light tan solid. The solid (0.4654 g.) was collected 
on a funnel, washed with fresh ether and allowed to 
air dry. A thin layer chromatogram (1:1 ethyl 
acetate in benzene) of the solid showed a dark spot 
at = 0.57 followed closely by a less intense spot. 
Recrystallization of this solid from benzene-hexane 
afforded 0.420 g. of a white crystalline solid which 
showed m.p. 204.5-205° (d). The infrared spectrum 
(KBr) of the recrystallized material had a sharp spike 
at 3520 cm“ ,̂ a broad band at 1785 cm”  ̂ (saturated 
y'-lactone), strong bands at 1740 and 1230 cm“  ̂(acetate) 
and a moderately strong band at 1370 cm'”̂  (methyl). A 
second recrystallization from benzene-hexane afforded 
a crop of tiny needles (0.085 g.) which showed m.p. 
210-211° (d). A thin layer chromatogram (1:1 ethyl
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acetate in benzene) showed 2 spots as before thus 
indicating that successive recrystallization is 
unsuitable for resolution of the mixture.
Anal. Found: 0, 55.89; H, 6.58.
Isolation of Crude Asbestinin A and B.
The finely ground Briareum asbestinum (1811 g.) was 
covered with hexane and allowed to stand for one hour.
The hexane was allowed to drain from the bottom of 
the container. This process was repeated three times 
with fresh hexane until the washings were only faintly 
green in color. The hexane-extracted Briareum asbestinum 
was spread out and allowed to air dry after which it 
was extracted with ether in a large Soxhlet-type 
apparatus for about 12 hours. Removal of the ether 
left 53 g. of black, semi-solid material which contains 
both asbestinin A and B and a very large amount of 
heavily pigmented material.
Separation of the Crude Asbestinin A and 3 
from the Figment Material. —  The tarry ether extract 
from ground Briareum asbestinum (33 g.) was chromato­
graphed on a 6.5 x 57 cm. column containing one kg, 
of Florisil. The column was eluted with 20^ ethyl 
acetate in benzene and 150 ml, cuts were collected.
As the pigmented material moved down the column, a 
yellow band separated at the front followed by an
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elongated orange band. A dark green band remained at 
the top of the column throughout the chromato graphy. 
Thin layer chromatography (ether) of cuts 13 through 
30 gave a slightly elongated dark spot (R^ = 0.3) 
imposed upon a long streak (R^ 0 to l) of pigmented 
material for cuts 13 through 30. The material in thesî 
fractions is predominantly the orange pigment. The 
solvent was removed from the combined fractions, and 
the black residue was triturated with 50 ml. of ether 
and after 1/2 hour, the residue, a light yellow solid 
weighing 2.072 g., was filtered. The thin layer 
chromatogram (ether) of this material showed a major 
spot slightly ahead of a minor spot located at about 
R^ = 0.3. The major spot in this mixture is desig­
nated as asbestinin A; the minor, asbestinin B.
Chromatographic Separation of Asbestinin A 
from Asbestinin B, Ethyl Ether Eluant. —  A mixture 
of asbestinin A and B (1.99 g.) which was obtained 
from the Florisil chromatography of the crude ether 
extract from ground Briareum asbestinum was chromato­
graphed on 100 g. of silicic acid. The 32 x 250 mm. 
column was eluted with ether and 50 ml. cuts were 
collected. Thin layer chromatograms (ether) of each 
of fractions 6 through 22 showed a single spot 
(asbestinin A uncontaminated with asbestinin B).
129
Fractions 6 throngh 22 \78re combined and removal of 
the solvent left 0.398 g. of asbestinin A as a slightly 
yellow solid. The solid was treated with Norite and 
crystallized from 1:1 benzene-hexane from which was 
obtained 0.134 g. of flat, elongated needles showing 
m.p. 226-227° (d) and [a]|^ - 93.6° - 1.25°,
1 dm., c = 2.67, CHCl^).
Anal. Calcd. for O^oB^^O^gOl: 0, 57.27; H, 6.57;
01, 5.64. Found: 0, 57.48; H, 6.38; 01, 5.62.
The infrared spectrum (KBr) of this material 
had significant bands at 1740 cmT^, 1240 cm“  ̂(acetate), 
1780 cm“  ̂(saturated v'-lactone) and 1370 cm“^ (methyl). 
The n.m.r. spectrum showed methyl signals at 0.95 t 
(J = 8.0 c.p.s.), 1.28 s, 1.42 ̂  and 1.55 s. Acetate
methyls appear at 1,97 s., 2.00 ̂  and 2.22 s_. A gethine
proton alpha to a ketone carbonyl appeared at 3.IQ £ 
and a methine proton attached to carbon bearing the 
chlorine appeared at 3.83 £. A proton on carbon 
bearing the lactone oxygen appeared at 4.87 d (J =
3.8 c.p.s.) and a complex pattern due to protons on 
carbon bearing acetate and vinyl protons appeared 
from 4.7 to 6.3.
As a result of the low solubility of asbestinin
A and B in ether, some material was observed to have
precipitated at the top of the column. The column was
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slutsd vîith ethyl acetate until the eluate no longer 
showed the presence of asbestinin A and B by thin layer 
chromatography. The ethyl acetate was distilled leaving 
1.490 g. of a mixture of asbestinin A and B as a solid.
Chromatographic Separation of Asbestinin A from 
Asbestinin B, 20^ Ethyl Acetate in Benzene Eluant.
A mixture of asbestinin A and B (2.040 g.) was chromato­
graphed on 100 g. of silicic acid. The 32 x 250 mm. 
column was eluted with 20^ ethyl acetate in benzene 
and 50 ml. cuts were collected. As shown by thin layer 
chromatography (ether), fractions 12 through 26 inclusive 
contained asbestinin A uncontaminated with asbestinin B.
Fractions 12 through 15, 17, 18 and 20 through 
24 were dissolved in chloroform, the volume of the solution 
was reduced to about 7 ml. and this solution was flooded 
with hexane. The precipitated asbestinin A (0.8508 g.) 
was collected on a funnel. Hecrystallization from 
chloroform-hexane afforded 0.4838 g. of a first crop of 
asbestinin A as long needles, m.p. 222-223° (d). The 
infrared spectrum (KBr) (Figure l) was identical with 
that of the sample of asbestinin A which is described 
in the previous section. A microanalytical acetyl 
determination of asbestinin A (sample from chloroform- 
hexane) showed 4.26 acetyl groups.
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Assl » Gslcu. o f Ox* f OiÀx* scsijyl g x ’o u . p s , 2 ,'J » 3 7  » 
Pound: acetyl groups, 29.14.
The n.m.r. spectrum of fraction 19 (not recry­
stallized) is shown in Figure 3 and is identical with 
the spectrum of the sample of asbestinin A which is 
described in the previous section. The total quantity 
of asbestinin A isolated from 1811 g. of the dry, 
ground Briareum asbestinum was 1.661 g. which corre­
sponds to a yield of 0.092^. Fractions 27 through 55, 
inclusive, contained a mixture of the two asbestinins 
(determined by thin layer) and the total weight of 
material in these fractions was 0,511 g. The column 
was washed clean with neat ethyl acetate affording 
0.169 g. of material. The material recovered from 
fractions 27 through 55, inclusive, together with 
that from the ethyl acetate wash was chromatographed 
on 50 g. silicic acid in order to isolate asbestinin B. 
The column was eluted with 30?̂  ethyl acetate in benzene 
collecting 25 ml. cuts. As before, each cut was eval­
uated with respect to purity by thin layer chrbmato- 
graphy. Fractions 5 through 8, inclusive, gave 0.234 g. 
of solid which was shown to be a mixture of asbestinin 
A and B with the latter in excess. Fractions 9 through 
24)inclusive,contained 0.251 g. of pure asbestinin B 
as a solid. The material (0.197 g.) from fractions 9
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and 10 v?as recrystallised from ethanol-^ater giving 
Go 104 go of crystalline material which showed m.p. 
223-224.5° (d).
Analo Calcd. for ^^2^1^14^^' 56.10; H, 6.03;
0, 32.70; Cl, 5.17. Found: C, 56.07; H, 6.04; 0, 32.55;
Cl, 5.14.
The asbestinin B from ethanol-water crystallised 
into two forms (plates and needles) which were mechani­
cally separated by Dr. Hossain of the x-ray laboratory.
Asbestinin B (needles)
Anal. Calcd. for 0^2^47^15®̂ * 0, 54.37; H, 6.72;
0, 33.95; Four acetyl groups, 24.36. Found: C, 54.87;
H, 6.53; 0, 33.61; acetyl groups, 28.72.
Asbestinin B (plates)
Anal. Found: C, 56.56; H, 6.41.
Bromination of Asbestinin A. —  A solution 
of 0.146 g. (0.239 mmole) of asbestinin A in S ml. of 
glacial acetic acid was combined with a solution of 
0.091 g. (0.242 mmole) of phenyltrimethylammonium 
bromide perbromide in 8 ml. of glacial acetic acid.
The whole was allowed to stand at room temperature 
for one hour after which it was warmed briefly on 
the steam bath. The light green reaction mixture was 
then poured into 20 ml. water and the whole was ex­
tracted with the three 10 ml. portions of chloroform.
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The combined chloroform solution was washed once with 
10^ aqueous sodium bicarbonate, once with water and 
dried over anhydrous sodium sulfate. Removal of the 
solvent left 0.14-9 g. of the crude reaction product 
as a slightly yellow semi-solid.
The crude bromination product was chromato­
graphed on 10 g. of Florisil (20^ ethyl acetate in 
benzene) collecting 5 ml. cuts. Fractions 5 through 
7, inclusive, left a total of 0.111 g. of the purified 
bromination product as a colorless semi-solid after 
removal of solvent. Thin layer chromatography of 
this material showed a single spot which appeared 
slightly ahead of the spot for authentic asbestinin A. 
The bromination product was precipitated as a white, 
non-crystalline solid by flooding a benzene solution 
with hexane. The solid bromination product showed 
m.p 250-255° (d) and the n.m.r, spectrum was essen­
tially identical with that of the unchromatographed 
material.
Interestingly, the signal at 3.10 p.p.m. 
appearing in the n.m.r. spectrum of asbestinin A which 
was assigned as an exchangeable proton alpha to a ketone 
carbonyl was absent in the n.m.r, spectrum of the bromi­
nation product of asbestinin A. The infrared spectrum
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acetate carbonyl group and 1795 cm“  ̂( y'-lactone).
Anal. Calcd. for C^QH^Q0^2d®^* 0, 50.89;
H, 5.69; Pound; G, 50.85; H, 5.61.
SUMMARY
The gorgonian Briareum asbestinum has been 
examined with the aim of isolating compounds corre­
sponding to the diterpenes obtained in this labora­
tory from other gorgonians. Two new solid chlorine- 
containing compounds, designated as asbestinin A and 
asbestinin B, were isolated from this species. Based 
on elemental analysis asbestinin A has the empirical 
formula and asbestinin B has the empirical
formula Infrared and n.m.r. spectral
data Indicate that each of the asbestinins contains 
acetate groups, a v'-lactone and a sufficient number 
of methyl groups to permit their tentative classifi­
cation as terpenoids.
Bromination of asbestinin A readily afforded 
a monobrcmo derivative, G^gH^QO^gBrOl.
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